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<§> Llchtlerterzum Leiten von Lichtirn lnfrarotbereich und Verfahrenzu seiner H erstellung 
© Lichtloitor zurn Letten von Licht im lnfrarotbereich von 

£ 2,5 pm, bestehend bus einem Kern (12) und einem 

Mantel {11) r wober der Mantel (11) afs Kapillare odor afs 

dunnes Rohr (1) ausgebifdet ist und bus einem Material 

besteht; das erne Viskosttat zwisch en 1 0 7 bis 1 0 13 dPas bei 

einerTempersturTi aufweist, bei der ein den Kern bilden- 

des Materia I be reits in Schmelze vorl Iegt, wobei das Ke m- 

material errtweder bus Silizium oder aus Germanium be- 
steht. 
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Beschreibung 

[0001] Die Erfindung betriffi einen Lichtleiter zum Lcitcn 
voq Licht im Ihfrarc^bereich bei Wellenlangcn £ %S jmu 
welcher bevorzugt bei Laseranwendungea, wo das Tnfrarot- 5 
licht zur Materialbearbeitung oder -verandening dient, zum 
Einsatz gelangt Insbesondere sollen erfindungsgemSBe 
Lichtleiter in derLaserchirargie Anwendung finden* 
[0002] Als Materialmen fiir Lichtleiter fiir Wellenlangen 
oberhalb 2£\im sind beispielsweise Ftuoridglaser (ZrE|, 10 
HfF*), Chalkogcnid-Glascr (AsS. AsSe, AsSeTe). Erdalkali- 
halogenid-GlSser (BeF 2 , ZnCl^. Silbcrhalogcmdfasern 
(AgCI/Br), TbalUuai/CasiuDihalogeiiid-Fasem als geeignet 
bekannt, Daraus gebildete Lichtleitfasern haben fiir den vor- 
gesehenen bevorzugten Acwendungsfall mindestens einen, is 
meist sogar mehrcre der folgenden NachteiLc: 
die Materialien bzw. riaram gebildete lichtleiter sind 

- toxisch, 

- chemisch unbestandig (WasserlSslichkrit/tiygrc- 20 
skopizinlt), 

- HchtEtnpftndlich, wobci sic zur Degradation untcr 
der zu Leitendcn IR-£! trahlung neigen, 

- mcchanisch cmpfindlich, so da£ sie nur relatlv ge- 
ringe Krflrmnungen erlauben. 25 

[0003] Aus diesen Grundea konnten sich derartige Licht- 
leitfasern bislang in der Lasermedizin nicht durchsetzen, wo 
ccben einer erforderlichen Ib^dzitatsfreiheit auch Krum- 
miingsradien im Zenf i meterbereicb gegeben sein mOssen, 30 
Andere konstruktive Ausftihrungen zur lichtleitung, wic 
mit einer FhTssigkeit (GCI4) gefulite Schlauche erweisen 
sich hieibci wegen der Toxizitat als ebenso unbrauchbar, 
wie innenverspiegelte Metallrohre, die nur geringe Kriifn- 
mungen ermoglichen, 35 
[0004] liGB 2009 137 A ist ein Vcrf ahren zur Herstel- 
lung IR-leitfihiger Fasern, namlich das Taylor- Verfahen, 
beschrieben, bei dem das Kem material in Form von Mi- 
schungen aus vcrschiedenen Materialien in ein Glasrohr mit 
einem sehr viel groBeren Durchmesser als der sp&eren 40 
lichtieitfaser eingefullt und erschmolzen wird. Erst danach 
erfolgt ein Ausziehen des Korpers zu einer Faser unter wei- 
terer Watoeemwirkung, wobci es aufgrund der langen Zed- 
ten zu starkeo chemischen Reaktionen zwischen Kern- und 
Mantelmaterial ko carat Daruber hinaus reagieren Siliziuin 45 
und Quarzglas bei Temperaturen oberhalb ca, 1200°C zu 
gasformigen SiO, weshalb Ms heute keine Fas em unter Bin- 
satz von Kemmateri alien aus reinem Germanium oder Sili- 
zium bekannt geworden sind. 

[0005] Der Erfindung liegt die Aufgabe zugrunde, einen 50 
Lichtleiter zum Lcitcn von Licht im Infrarotbcreich von ^ 
2,5 jam anzugeben, der toxikologisch unbcdenklich, wasser- 
unloslich und chemisch bestandig ist und der eine solche 
mechanische Festigkeit besitzt, daB er bei Durchmessem fur 
Lichtleiter; wie sie bspw. in der Laseichiruigie in Betracht 55 
komrnem KrOmmungradien im Zenthne terbereic h standbSll. 
Auch so lien durch die Erfindung Lichtleiter bereitgestellt 
werden, die, bei Verzicht auf die gewQnschte Verbiegbar- 
keit, ansonsten die gteichen oben gen arm ten Eigenscbaften 
aufweisen. Weiterhin liegt der Erfindung die Aufgabe zu- 60 
grundc, ein Verfahren zur Herstellung eines solchen licht- 
leiters anzugeben, 

[0006] Die Aufgabe der Erfindung wird durch die Merk- 
male der PatentansprUche 1 und 8 gelost Vorteilhafte wei- 
tere Ausgestaltungen sind durch die nachgeordneten An- 65 
spriiche erfaBt 

[00071 Das Wesen der Erfindung besteht darin, dunne 
Rohre, insbesondere Kapillaren, aus cinem Material, wel- 



ches Licht im sichtbaren Spektralbereich leitet, mil 
schmclzflflssigcrn Germanium oder Silizium zu fOllen und 
anschlieBend abzukuhlen. 

[0008] Die Erfindung soli nachstehend anhand von Aus- 
fuhrungsbeispielen naher exl^utert werden. Es zeigen: 
[0009] Fig, 1 einen Schnili durch einen Teil des vorge- 
schlagencn neuen Lichtleiters und 

[0010] Fig, 2 schematisch den Aufbau einer Anordnung 
zur Herstellung des genannten lichtleiters, 
[0011] In einem ersten Ausftlhrungsbei^riel findet eine 
KapiLlare 1, bestehend aus einem Glas* wie z, B. hoch- 
schmel2ende Borosilicatgiaser, Erd^ah-Alumo-SilicatglS- 
ser oder Obergangsglaser, Anwendung. Die Matcrialaus- 
wahl fur das fur die Kapillare 1 in Betracht kommende Glas 
erfolgt unter der MaBgabe, dafi dieses bei einer Temperatur 
Tt, die geringfilgig oberhalb der Schmelztemperatur des den 
spaMeren Kern VZ bildenden Kemmateri als liegt, eine Visko 
sitat zwischen 10 7 bis 10 13 dPas annimmt, und daB es bed 
den weiter unten beschriebenen Erstamingszeiten des Kem- 
materials zu keinen storenden chemischen Reaktionen zwi- 
schen Kern- und Kapillaren material kommt Im Rah men der 
BrfmduDg ist der KgrHUaj^piimendujchrngsser &z in einem 
Bereicb von 10 um bis einige Millimeter, bevorzugt von 
10 um bis 200 um festlegbar, wobei der Kapillarenwandung 
U, insbesondere bei kletnen KapaUareninnenduictnnessern, 
bspw, von 10-100 unujeweils eine Wandstaxke d x gegeben 
ist, die in der GroSenordnung des Kapillaremnnendurch- 
messers d 2 liegt 

[0012] Bet diesem ersten Austuhiungsbeispael wird in ei- 
nem geeigneten Ofen 4 in einem Hegel eine Germanium- 
schmclze bei einer Temperatur Ti we nig oberhalb ihres 
Schmelzpunktes vorratig gehalten, Dienach obigen MaBga- 
ben ausgewithlis Glaskapillare 1 wird in den Ofen 4 einge- 
braeht und dadurch ebenfalls auf die Temperatur Ti er- 
wSrmt. Gcnannte Temperatur Ti liegt in diesem AusfUh- 
rungsbeispiel oberhalb 940°C Bei Erreichen der vorgebba- 
ren Temperatur Ti wird ein Ende 13 der KapiLlare 1 (riehe 
Fig, 2) in die Germamumschmelze 3 getaucht Je nach ge- 
wBhltem Kapillarcinnnendiirchmesser <b wird die Schmelze 
3 durch Kar^llarwirkung oder mit Hilfe einer nicht darge- 
stellten Pumpe in die KapiUare 1 gesaugt Ist die Kapillare 1 
mit der Schmelze 3 in einer gewunschten Lange gefullt, 
wird das Ende 13 aus dem SchmelzbehSIter entfernt und die 
gefulite Kapillare 1 einer Abkuhlung unterworfen, wobei 
das Kemmaterial 12 erstarrt und der gewiinschte Lichtleiter 
gebildet ist 

[0013] In einem weiteren AusfUhrungsbeispiel ist die Ka- 
pillare 1 aus Quarzglas gebildet und das Kemmaterial 12 
soil aus Silizium bestehen. Die Art der Herstellung des 
lichtleiters erfolgt analog zum ersten Ausfuhrungsbeispiel, 
wobei in diesem Fall Ti oberhalb 1420°C zu wahlen ist 
[0014] We weit in jedem Fall die Temperatur Ti oberhalb 
der Schmelztemperatur des Kernmaterials gewiihlt werden 
kann, ist vomehmlich abbangig davon, welche Vlskosiiat 
das Kapillarenmaterial in diesem Tbmperaturbereich an- 
nimmt. 

[0015] Die Materialauswahl fur die im Ausfuhrungsbei- 
spiel verwendeten Kapillaren 1 ist fur den bevorzugten Ver- 
wenduDgszweck besonders vorteilhaM, beschrankt die Erfin- 
dung jedoch nicht einzig darauf, Durch die vorgeschlagenen 
Materialien fur die zum Einsatz gelangenden Kapillaren und 
die DimensLomerung des Kapillarenmantels 11 in bezug auf 
den Kap l llaiemnnendurc hmesser d 2 ist eine Leitung von 
sicbtbarem Licht im Mantel 11 der Lichtleitf aser gcwShrlci- 
stet, was fiir das bevorzugte Verwendungsgebiet zu Justier- 
z wee ken von erheblichem Vorteil ist, wohingegen im Kern 
12 des lichtleiters infrarotes Licht gclcitet wild, dessen 
Wellenlange im Falle der Venvendung von Silizium zwi- 
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schen 1 pm^5 pm und im Falle von Germanium zwiscbea 
3 um-13 jim liegt 

[0016] Die mechanise he Festigkeit dcr erhaltenen Iicht- 
leitcr ist so groB, daB mit eincr Faser nut einem Kerndurch- 
messer von bspw* 50 pm ein KrUmmungsradius von 1 cm 5 
durchaus mdglich ist. Silizium und Germanium sind che- 
misch bestandig, nicht wasserloslich und Kchmnempfind- 
Kch. 

[0017] Durch die Erfindung werden Lichtleiter erhallen, 
die die Nachteile der bekannten IR-Fasern nicht aufweisen. 10 
[0018] Auch liegt cs im Rahmen dear Erfindung, fur den 
Fall, daB der KapiUarenmantel 11 bei speziellen andcrweiti- 
gen Verwendungen der Lichtleitfasar nicht erforderlich ist, 
diesca bspw. durch eineu Atachiitt zu entfemen, Ebenao 
liegt cs im Rahmen der Erfindung, wenn fur bestimmte Ver- 15 
wendungen des UchtLeiters darauf verzichtct werden kann, 
daJ3 dieser gen aim ten Krikornungen schadlos standhalt, die- 
sen stab- bzw. taperforrrag mil einem entsprechend groBeren 
Durchmesser zu fertigen ais auch der Kapillare cine vorgeb- 
bare Krummung im noch plastiscben Zustand aufzuprSgeru 20 

Patentanspruche 



diese Kapillare oder dieses dttnno Rohr (1) anf die ge- 
nannte Tempcratur Tl erwarmt wild und bei Erreichen 
dcr Temperatur Tl einseitig in das geschmolzene Ma- 
terial (3) eingetaucht und dieses in die Kapillare oder 
das Rohr (1) eingesaugt wild und 
die Kapillare oder das Rohr (1) bis zur gewunschten 
VerfEillung auf der Temperatur Tl gehalten und an- 
schlicBend im verfullten Zustand eincr unnrittelbarcn 
Abkiihlung unterworfen wind, 

9. Verfahren nach Anspruch 8, dadurch gekennzeich- 
net, daB fOr das den Kern (12) bildende Material Sili- 
zium und fur die Kapillare oder das dOnne Rohr (1) 
Quarzglas eingesetzt wirdL 

10, Verfahren nach Anspruch 8, dadurch gekennzeich- 
net, daB fur das den Kern (12) bildende Material Ger- 
manium und fur die Kapillare oder das dOnne Rohr (1) 
ein Glas eingesetzt wird. 



Hierzu 1 Seite(n) Zeichnungen 



1. Lichtleiter zurn Leiten von Licht im Infrarotbereich 
von ^ 2J5 jim, bestehend aus einem Kern (12) und ei- 25 
ocm Mantel (11), wobei der Mantel (11) als Kapillare 
oder als dunnes Rohr (1) ausgebildet ist und aus einem 
Material besteht das cine ViskositSt zwischen 10 7 bis 
10 l3 dPasbei eincr Temperatur Ti aufweist, bei der ein 
deo Kern bildendes Material bereits in Schtaelze vor- 30 
liegt* wobei das Kerrrmaterial enrweder aui Silizium 
oder aus Germanium besteht 

2. Lichtleiter nach Anspruch 1, dadurch gekennzeich- 
net, daB dem Mantel (11) der Kapillare eine Wand- 
starke (d|) gcgeben ist, die bei klcinen Kapillarenin- 35 
nendurchmessern, in der GtCBenordnung von 10 "bis 
100 pm, in der GroBenordnung des Durcbmessers (cfe) 
des Kerns (12) liegt 

3. Lichtleiter nach Anspruch 1 oder 2, dadurch ge- 
kennzeichnet, daB der Mantel (11) aus einem Material 40 
geferdgt ist, welches in einem anderen Spekrralbereich 
als der Kern (12) Licht leitet 

4. Lichtleiter nach einem der vorstehenden Ansprtl- 
che, dadurch gekermzeichnet, daB der Mantel (11) aus 
einem Glas besteht, wenn das Kern material durch Ger- 45 
manium gebildet ist 

5. Lichtleiter nach einem der AnsprOche 1 bis 3, da- 
durch gekermzeichnet, daB der Mantel (11) aus Quarz- 
glas besteht, wenn das Kernrnaterial durch Silizium ge- 
bildet ist 50 

6. Lichtleiter nach einem der vorstehenden Ansprfl- 
che, dadurch gekennzeichnet, daB die WandstSrke (di) 
des Mantels (11) und der Durchmesser (d£) des Kerns 
(12) im Bereich von 10 urn bis 1 nun festgelegt sind. 

7. Lichtleiter nach einem der vorstehenden Ansprfl- 55 
che, dadurch gekennzeichnet* daB die WandstSrke (di) 
des Mantels (11) und der Durchmesser (dj des Kerns 
(12) im Bereich von 10 pm bis 200 pm festgelegt sind. 

8. Verfahren zur Herstellung eines lichtleiters zum 
Leiten von Licht im Infrarotbereich von £ 2J5 urn, bei go 
dem 

ein den IR- lie htleitenden Kern (12) bildendes Material 
(3) in eine Schmelze Oberfuhrt wird, 
eine Kapillare oder ein dunnes Rohr (1), bestehend aus 
einem Glas oder Quarz ausgewahlt wird, welches bei £5 
einer Temperatur Tl, die geringfugig oberhalb der 
S cbmelztemperalur des Kerrrrnaterials liegt, eine Vis- 
kositSt zwischen 10 7 bis 10 u dPas annimmt, 
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L. Pavesi*, L Dal Negro*, C. Mazzolenl*. G. Franzot & F. Priolot 

Mm op ti oa, functional to a SOSSSEi tSt^X^m^OA 

Silicon is an lndirect-bandgap sera ^'«ndurtor and so , si ™™!" b e een achieve a „ tnrough the use of direct-bandgap 
functional elements with silicon microelectronic c. ?"'2 0 5 ^ e S devS is the light source-a laser. Compound 
compound semiconductors. For optoelectromc a l^nrtmv JJfyg^ quantum wells and quantum dots, as the active 
semiconductor lasers exploit to"-*"*^^ f s pSle using silicon itself, in the form of quantum 

a silicon laser. 



Silicon, the mainstay semiconductor in microelectronic arautty. 
Sas been considered unsuitable for optoelectronic apphcations 
owing to its indirect electronic bandgap, which limits its efficiency 
« a light emitter. Recently, room-temperature light emisaoi ifiom 
siliconhas been shown to be possible when the sdicon is m the form 
ota low-dimensional system" or when selected acwe impunues 
Such as erbium') and/or new phases (such as iron disihcide ) are 
in«rted into the silicon lattice. All manner of low-dimensional 
X i system-such as porous silicon'- silicon n-ocrys^ 
silicon/insulator superlattices 4 , silicon nano- pi W— are being 
SveT-vestigated P as a means of improving the ^-emission 
properties of silicon. The physical mechanism underlying high 
Lternal quantum efficiencies for photolummescenc* in low- 
dimensional silicon is mainly that of the quantum confinement of 
Sons in a nanometre-scale crystalline structure*, ahhough . the 
silicon/dielectric interface is also thought to play an acuve nole m 
both the passivation of non-radiative states and the formation ot 
rSfcSe states 18 . Such work has led to many claims of a future role 
for sSicon in photonic applications'-""', yet a silicon laser has 

rC ^?ro d duSl£on-based laser, we should demonstrate its l*ht 
amplification or stimulated emission^. But Jight amphficaUon m 
silicon is difficult because (1) it has efficient free carrier absorption 
which reduces the net gain available for laser action' ; (2) there is 



significant Auger saturation of the luminescence intensity at high 
Dower*; and (3) there is significant size-dependence of the radiative 
energies in Si nanostructures, which yields large inhomogeneous 
broadening and significant optical losses in the system". Here we 
report measurements of stimulated emission and hght amplifica- 
tion in Si nanostructures and demonstrate optical gam m a single 
pass configuration. Population inversion is realized between the 
fundamental and a radiative state associated with the nanocrystal- 
aride interface 10 . These findings could lead the way to a silicon- 
based laser. 

Silicon nanociystals 

Lowdimensional silicon nanocrystals have been produced by 
negative ion implantation (80keV; 1 X 10" Si ions cm J into 
uhra-pure quartz substrates or into thermally grownsihcon dioxide 
layers on Si substrates, followed by high-temperature thermal 
annealing (1,100°C for 1 h). Quartz wafers (hereafter referred to 



I 

S 



0.1, 



0.01 





0.00 



0.04 0.08 0.12 
Excitation length (cm) 



0.16 



800 

Wavelength (nm) 

Figure 1 RoomtempBT3ture absoroanceand luminesces of Si nanocrystals emb^Jed 
"a quartz matrix. The experimental set-up limited me absence measurement range. 
The absorbance ot the quartz wafer was subfracted from the measured spectra. The 
488 nm tine of an At laser exerted the luminescence. 



Figure 2 Amplified spontaneous emission intensity (ASE, disks) versus excitation stnpe 
length » of Si nanocrystals embedded in a quartz matrix. Recording wavelength, BOO nm. 
A fit to the data with equation (1) is shown as the dashed line. The inset shows the 
experimental method. A cylindrical lens was used to focus the laser beam on the sample 
surface on astripe 10-^ wide and of variable length. Only the central part of the laterally 
unfocused laser spot was used to excite the sample. Measurements show that within 
these experimental conditions the laser power density on the sample surface «s constant 
and independent of /. An optical 40 x objective ima 8 ed the sample edge on a 40-^jn 
pinhole so that onV the fight coming from the near sample surface region was collected. 
The use of a pulsed laser avoided any thermal heating of the sample. "Rie excitation 
conditions were 1 kWcm" 2 mean power at a wavelength of 390 nm. 
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as Sample A*) were used for optical transmission experiments, and 
silicon wafers (hereafter referred to as 'sample B') to demonstrate 
microelectronics compatibility. Transmission electron microscopy 
of these samples showed silicon nanocrystals embedded within the 
oxide matrix. They were formed in a region centred at a depth of 
HOnm from the sample surface and extending for a thickness of 
100 nm; they were ~3nm in diameter, with a concentration of 
2 X lO^cm"'. If we consider the Maxwell-Garnett approxima- 
tion, we can estimate an effective refractive index of L89 for the 
nanocrystal region (see Fig. 3 in the Supplementary Information). 
For nanocrystals produced by plasma-enhanced chemical vapour 
deposition (PE-CVD) 17 , an effective refractive index of 1.71 was 
measured by ellipsometry. We note that in sample A> this causes the 
formation of a planar waveguide with an optical filling factor of 
about 9.7% when a refractive index of 1.89 is considered, or of 
1.17% when a refractive index of 1.71 is assumed (see Fig. 3 in the 
Supplementary Information). 

Absorbance and luminescence spectra at room temperature for 
sample A are shown in Fig, 1 . A single wide emission band peaked at 
800 nm, characteristic of the radiative recombination of carriers in 
Si nanocrystals, is observed. Absorbance measurements revealed a 
band in the near-infrared and a rising absorption edge at shorter 
wavelengths. The rising edge is due to absorption in the quantum 
confined states of the nanocrystals", whereas the peculiar feature of 
the near-infrared absorption band is caused by a Si=0 interface 
state 1019 * 20 . As predicted by theory 10 * 21 and inferred from experiment, 
the interface state is formed at the interface between the Si 
nanocrystals and the SiQ 2 matrix. The microscopic nature of 
these interface states is still under debate 10 ' 21 . Very good quality 
Si0 2 and Si nanocrystals are needed to observe this interface state, 
which in other Si-based systems is hindered by interfaces with 
defects or the low quality of the oxide. We note the spectral 
coincidence of the emission band and the interface state absorption 
band, suggesting that radiative emission in Si nanocrystals occurs 
through a radiative state associated with the nanocrystal-oxide 
interface. Time-resolved luminescence, under picosecond excita- 
tion, on our nanocrystals showed a very fast rise time, within our 
experimental sensitivity (some nanoseconds) 22 . The decay time of 
the luminescence was in the microsecond range; it is dependent on 
the emission energy 23 . 

Light amplification 

To measure light amplification we used the variable strip length 
method (see the inset of Fig. 2) 2 \ The sample is optically excited by a 



doubled Ti:sapphire laser beam (X = 390 nm, 2-ps pulse width, 82- 
MHz repetition rate) in a stripe-like geometry with variable length 
(/). The amplified spontaneous emission intensity I^se ^ at is 
emitted from the sample edge (observation angle <j> - 0) is mea- 
sured as a function of I From a fit of the resulting curve, the optical 
gain g can be deduced at every wavelength. By assuming a one- 
dimensional amplifier model, W can be related to g by 15 - 24 

(1) 




6 



where I S pont is the spontaneous emission intensity per unit length 
and a an overall loss coefficient. The gain measured in this way 
is the modal gain 1 *. Figure 2 shows Jase versus I in Si nano- 
crystals measured at a wavelength of 800 nm. For small values 
of I (<0.05 cm), an exponential increase of Iase is observed that 
indicates the occurrence of amplified spontaneous emission. A fit 
with equation (I) yields the net modal gain g — oc = 
100 ± 10 cm" l * For large values of J (>0.05 cm), Jase saturates as 
expected for any finite power supply amplification mechanism. At 



550 600 650 700 750 800 850 900 
Wavelength (nm) 

Figure 3 Spectral dependence of the net modal gain. Sample A, circles; sample B, 
triangles. The experimental conditions were as in Fig. 2. The large error bars result from 
both me low signaMo-noise ratio of the streak camera detection for low intensity signals 
and from the numerical procedure used for obtaining the modal gain from the ASE 
data 30 - 31 



•9 




600 650 700 750 800 850 900 
Wavelength (nm) 




5 10 15 20 25 
Angle tf> (degrees) 



30 35 



Figure 4 Amplified spontaneous emission spectra of sample A for different measurement 
conditions, a, Amplified spontaneous emission (ASE) spectra for a constant excitation 
length / = 2,000 ixm and various power densities P. continuous line 2.3kWcnr*. 
dashed line 1 kWcm" 2 , dotted line 170Wcm' 2 . b, ASE spectra for constant 
P =s 2.3kWcrrr 2 and various / values: / - 2,000 continuous line. / = 650 p.m 
dashed line. / = 200 jj,m dotted line, c, ASH spectra for constant P = 1 kWcm " 2 and 
/ = 3,000 |i,m and various observation angles fa * is defined with respect to the optical 
axis of the one-dimensionaJ amplifier Continuous line <j> = <f t dashed line 4> = 1 .5°. 
dash-dotted line * = 2.5°. dotted line « = 20°. The low energy cut-off of the 
photomultiplier used to record the data deforms the spectra for wavelength longer than 
880 nm. d, Full-width at half -maximum (FWHWI) of the ASE emission as a function of the 
observation angle fa e, Peak intensity of the ASE signal as a function of fa 
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low power density, we measured absorption; when the pump 
power was increased, the peak net modal gain increased and then 
saturated at values of about 100 cm"' for power densiUes of about 
5 kW cm -2 

By measuring the amplified signal for various wavelengths we 
obtained the gain spectrum for both samples A and B (Fig. 3; see 
also Supplementary Information). A wide spectral band is observed 
which spectrally overlaps the wavelength range of the luminescence, 
demonstrating that amplification is produced by the ^radiaUve state 
associated with the nanocrystal-oxide mterface. We nonced that 
both samples yielded similar shapes and values for the gain curve. A 
confirmation of these findings was the observation of a strong 
emission lineshape narrowing (Fig. 4), either when the pump power 
density Pis increased with fixed excitation length I Fig. 4 a) orwhen 
the excitation length Z is increased with a fixed IP (F.g. 4b). When I 
and P are fixed and the observation angle 4> is changed (Fig. 4c-e), a 
significant intensity decrease and a broadening of the amplified 
emission spectrum occur as soon as there is deviation from the strict 
one-dimensional amplifier configuration, that is, when * > 0 . 
These observations support also the waveguide formation in our 

^ The^nost direct evidence of light amplification from our systems 
was provided by pump and probe transmission measurements. An 
intense laser beam (pump) at 390 nm excites the sample m order to 
reach the population inversion needed for amplification, while a 
weak probe signal at -800 nm passes through the active layer of 
thickness d. In the presence (absence) of the pump beam the probe 
beam is amplified (absorbed). In Fig. 5 we show the results. The 
probe signal is clearly amplified when passing through the excited 
nanocrystals. To our knowledge, this is the first evidence of light 
amplification in transmission, usually named single-pass gain, m Si- 
based systems. We deduced the net material gam values by using the 
formula given in Fig. 5; they are high enough to compare with those 
of self-aJcmbled quantum dots made of III-V semiconductors : 
10 000 ± 3,000cm" 1 . This value has a very large error bar because 
of 'the geometry of the active nanocrystal layer and the losses in the 
quartz substrate. No change in probe intensity in the presence^ 
absence of the pump beam was observed *e probe beam 

passed through pure quartz (without nanocrystals). Moreover, by 
decreasing the pump intensity (Fig. 5, right panel) we measured 
even absorption of the probe beam (population inversion is no 



longer reached in nanocrystals). By changing the probe wavelength 
the net material gain decreased and eventually disappeared (ampli- 
fication is lost when the probe energy is no longer m resonance with 
the transition for which population inversion is achieved) w lt h an 
overall spectral dependence similar to that shown in Fig. 3 (see also 
Supplementary Information). 



Gain cross-section per nanocrystal 

By using the formalism of ref. 27 and the measured probe beam 
transmission under inversion conditions, we estimated a maxi- 
mum-gain cross-section per nanocrystal y T » 5 X 10 cm . It is 
interesting to compare this gain cross-section per nanocrystal with 
the photon absorption cross-section per nanocrystal (a). We have 
hence directly measured the absorption cross-sections of lon- 
implanted Si nanocrystals by studying the rise time of the photo- 
luminescence intensity as a function of pump^power in a fashion 
similar to that recently reported for porous Si . 

The photoluminescence intensity is given by 1 « N tr» where rr 
is the concentration of excited nanocrystals and t r the radiative 
lifetime. The rate equation for nanocrystal excitation will be: 

(2) 



where / is the photon flux, N is the concentration of nanocrystals 
and t is the decay time, taking into account both radiative and non- 
radiative processes. If a continuous wave (CW) pumping laser is 
turned on at t = 0, N* will change according to equation (2) and 
the photoluminescence intensity will increase according to the 
following law: 

f(0 = /.{i-«p[-(^+;>]} =r °{ , " exp ['fe)]) 

(3) 

A measure of the photoluminescence rise time as a function of /will 
therefore give direct information on the absorption cross-section 
The inset to Fig. 6 shows 1(f) at 850 nm for Si nanocrystals pumped 
at 488 nm for different pump powers P. As predicted by equation 
(3), the photoluminescence rise time becomes shorter and shorter 
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Figure 5 Gain measurements. Left panel, spectrum of the transmitted probe beam 
measured in presence {dashed line) or in absence (dotted line) of the pump beam. The 
spectrum o1 the transmitted probe beam in absence of to absomingXampl^ng 
nanocrystal medium is also reported (continuous line) and named the incident beam The 
inset shows the principteof the experiment. The formula used to deduce the material gain 
isalso reported, tfbeing the thickness of the active region. The probe beam was provided 
byaKr lamp, which was^ 

The pump beam had a mean power of about 2 kW cm" 2 and a wavelength of 390 nm. 
Right panel, dependence of the material gain value on the pump power density. 
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Figure 6 Reciprocal of the rise time t„ as a function of the pump laser photon flux as 
obtained from a fit to the time resolved photoJuminescence data shown in the inset The 
slope gives the photon absorption cross-section o. Inset time resolved photolumines- 
cence intensity at 850nm switching on the 48Bnm line of a CW Ar pumping laser at 
t = 0; data are taken at room temperature, at differenl pump powers fin the 0.8-80 mW 
range) and are normalized to the maximum intensity. 
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as P is increased. By fitting these curves with equation (3) we obtain 
the values of the rise time, r w at the different P values. The 
reciprocal of r on is reported in Fig. 6 as a function of /. The data 
foUow a straight line with a sloped" 3 X 10 cm 1 . The intercept 
of the fitted straight line with the vertical axis gives the hfetime of 
the Si nanocrystals in the system at the measured wavelength. The 
obtained value (70 lis) is in agreement with decay time measure- 
ments at 850 nm on the same sample. In this way we have been able 
to obtain a direct measurement of the photon absorption cross- 
section of the nanocrystals. Although this measurement is per- 
formed at an excitation wavelength of 488 nm, it should reflect the 
property of the 800 nm state because absorbance at these two 
wavelengths is identical (see Fig. 1). We note that, as theoretically 
predicted 1 *, the measured absorption cross-section 0 is of the same 
order of magnitude as the gain cross-section -y T . The same agree- 
ment is found when we compare the net material gam to the 
absorption coefficient deduced by the absorbance data of Fig. 1. 

Another important issue concerns the comparison of the gain 
cross-sections that are derived from the modal and the material 
gain. It was shown in ret 27 that in the variable stripe-length 
geometry, the gain cross-section per nanocrystal (W can t>e 
derived by using 

S (4) 

7ASE "ow.)Nr 

where T is the optical filling fector of the amplified mode. By 
assuming a complete population inversion f, -/v = 1. ™_ optical 
fiUinefactorof0.097andthemeasurednetmodalgamg ~ 100cm , 
one finds 7aSE « 5 X 10 " 17 cm 2 . This is a lower limit to 7 ase- If w 
consider an incomplete inversion or a weaker confining wavegmde 
(thatis.nostepindexpmfflemmewavegmdeandyoralower effective 

refractive index for the nanocrystal), TASE will significantly increase. 
For example, by using the T value computed for the refractive 
index measured in PE-CVD nanocrystals", we obtain ~ 3 X 
1 0 " 16 cm 1 The difference between the two estimated values of tase 
may be an indication of the quantitative uncertainty on the gain 
cross-section values determined by the gain measurements. 

A comparison of the gain cross-sections per nanocrystal derived 
by transmission (yi) and by the variable strip length method ( 7 ase) 
shows that the two values are in reasonable quantitative agreement 
Indeed, the determined value of Tase is only a lower limit and there 
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are large error bars on the pump and probe determined gain 
coefficients. 

Origin of gain . „ 

The wide spectral gain of inhomogeneous nature is energetically 
matching both the luminescence emission and the 800-nm interface 
state absorption band. For these reasons, a three-level model is 
proposed to explain the observed gain (Fig. 7): two levels corre- 
spond to the lowest unoccupied molecular orbita (1JJMO), or the 
bottom of the conduction band, and to the highest occupied 
molecular orbital (HOMO), or the top of the valence band of the 
nanocrystal, respectively. The third level is due to the radiative 
interface state observed in absorption and responsible for the 
luminescence emission band at 800 nm. Optical excitation popu- 
lates the LUMO, emptying the HOMO. Electrons from the LUMO 
relax very rapidly to the interface state. Electrons in the interface 
state have long lifetimes. Indeed, the absorption band at 800 nm, the 
Stokes shift between absorption and luminescence, the fast rise and 
the slow decay times of the 800-nm luminescence under picosecond 
excitation, and the efficient luminescence emission of the 800-nm 
luminescence all support this energy model. Within the model, the 
rate of depopulation of the initial state is much faster than its filling 
rate via a carrier recombination mediated by the interface state. 
Population inversion between the HOMO and the radiative state 
associated with the nanocrystal-oxide interface is thus possible. 
This model also explains why losses due to free carrier absorption 
that usually exceed the gain by stimulated emission in other Si based 
systems 1 ', or those due to Auger recombinations 22 , are not effective 
here. In addition, model calculations 10 show that the size depen- 
dence of the radiative interface state energy is smaller than that of 
conduction-to-valence band transitions, relaxing issues related to 
the broad distribution of sizes. 

Using the measured absorption cross-section a per nanocrystaJ, 
we estimate that under our peak excitation condition of about 10 
photons cm" 5 s"\ more than 100 electron-hole pairs per nanocrys- 
tal are generated. As we have nanocrystals with about 500 Si atoms, 
of which about 35% are surface atoms, we have about 150 interface 
states available per Si nanocrystal when we assume that each surface 
Si atom is bound to an O atom. In Fig. 5, we show that to have 
optical gain the excitation level should be high enough to invert 
most of these states. . 

In Table 1 we report a compilation of data on the gam cross- 
section per quantum dot for some III- V semiconductors. It can be 
noticed that the silicon nanocrystal values are about three orders of 
magnitude lower than the one typically found in InAs quantum 
dots We argue that this is due to the indirect bandgap of Si and to 
the feet that the gain is due to radiative interface states. Despite this 
difference, the net material gain is of the same order of magnitude 
between Si nanocrystals and InAs quantum dot systems, owing to 
the much higher areal density of nanocrystals that is achievable with 
the ion-implantation method used in this work. We note that the 
gain cross-section per nanocrystal y is inversely proportional to the 
radiative lifetime t r (ref. 15). By looking at the 7 data in Table 1 , we 
infer large differences in lifetimes. Indeed radiative lifetimes in the 
microsecond range are measured for Si nanocrystals, whereas for 
InAs quantum dot lifetimes in the nanosecond range were 
reported 15 - 26 . 



fable 1 Gain cross-section per quantum d ot or nanocrystal 

Quantum dot material 



Net model gain 
(cm"') 



Net material gain 
(xl0 4 cm ) 



Areal dot density 
(cm" 2 ) 



Aclive layer thickness 
(nm) 



Rffing (actor 
00-*) 



Gain cross-section per dot 
(irr^cm 2 ) 



Reference 



InAs single layer quantum dot 
InAs 7 slacks quantum dot 
GaAs single layer quantum dot 
Si nanocrystals 
•Calculated approximately. 



8.2 
70-85 

13* 
100 



9* 
1.5" 



1x10" 
1 x10 u 
1 x 10 K 
2x10" 



1.7 
100 



100 



1.2 
48 

970 



1.200 
4,000 
450* 
0.5-5 



25 
26 
27 
This work 
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Conclusions 

Modal and net material optical gains have been observed unam- 
biguously in Si nanocrystals. Quantitative estimates of gain cross- 
section per nanocrystal show that the measured values are orders of 
magnitude lower than those found in III-V semiconductor quan- 
tum dots. However, owing to the much higher stacking density of Si 
nanocrystals with respect to direct-bandgap quantum dots, similar 
values for the material gain are observed. These findings open a 
route towards the realization of a silicon-based laser. □ 

Received ft June; a««T>icd 24 OdC-bcr 2000. 
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Abstract 

Silicon microphotonics, a technology which merges photonics and silicon 
microelectronic components, is rapidly evolving. Many different fields of 
application are emerging: transceiver modules for optical communication 
systems, optical bus systems for ULSI circuits, I/O stages for SOC, displays, 

In this review I will give a brief motivation for silicon microphotonics and 

try to give the state-of-the-art of this technology. The ingredient still lacking is 
the silicon laser: a review of the various approaches will be presented. Finally, 
I will try to draw some conclusions where silicon is predicted to be the material 
to achieve a full integration of electronic and optical devices. 

(Some figures in this article are in colour only in the electronic version) 
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1, Why silicon photonics? 

The big success of today's microelectronic industry is based on various factors, among others 

• the presence of a single material, silicon, which is widety available, can be purified to an 
unprecedented level, is easy to handle and to manufacture and shows very good thermal 
and mechanical properties which render the processing of devices based on it easy [1], 

• the availability of a natural oxide of silicon, SiCb, which effectively passivates the surface 
of silicon, is an excellent insulator, is an effective diffusion barrier and has a very high 
etching selectivity with respect to Si T 

• the presence of a single dominating processing technology, CMOS, which accounts for 
more than 95% of the whole market of semiconductor chips [2], 

• the possibility to integrate more and more devices, 55 000 000 transistors in PENTIUM® 
4 (figure 1), on larger and larger wafers (300 mm process and 400 mm research) with a 
single transistor size which is decreasing (gate lengths of 180 nm are in production while 
15 nm have been demonstrated) [3], yielding a significant reduction in cost per bit, 

• the ability of the silicon industry to face improvements when the technology is hitting 
the so-called red brick wall, e.g. the use of SiGe for high frequency operation and the 
introduction of low Jfc-materials and of Cu to reduce RC delays, 

• an accepted common roadmap which is dictating the technology evolution for processes, 
architectures or equipment [3] and 

• the presence of big companies which define standards and trends (almost 90% of the 
market is shared by ten companies). 

All these factors have rendered the microelectronics industry very successful. However, in 
recent years some concerns about the evolution of this industry have been raised which seem 
related to fundamental materials and processing aspects [4]. An important example is related 
to the limitations of the operating speed of microelectronic devices due to the interconnect [5], 
Figure 2 shows the signal delay as a function of the generation of transistors [6] . For gate length 
shorter than 200 nm, a situation is reached where the delay is no longer dictated by the gate 
switching time but by the wiring delay. In addition, as the integration is progressing the length 
of the interconnects on a single chip is getting longer and longer. Nowadays chips have total 
interconnection length per unit area of the chip of some 5 km cm' 2 with a chip area of 450 mm 2 
while in ten years from now these lengths will become 20 km cm" 2 for a chip area of 800 mm 2 . 
The problem is not only related to the length of the interconnects but also to the complexity of 
their architecture. Nowadays, there are six layers of metal levels (figure 3), while in ten years 
from now there will be more than 12. All these facts introduce problems related to the delay in 
signal propagation causing RC coupling, signal latency, signal cross-talk and RL delays due 
to the reduction in dimension and increase in density of the metal line. A possible solution 
to these problems is looked for in optics [7]; the use of optical interconnects. Nowadays, 
optical interconnects through optical fibres and m-V laser sources are already used to connect 
different computers. It is predicted that optical interconnects will be used to connect computer 
boards in five years, while the use of optical interconnects within the chip is being investigated 
and will possibly be realized in 10-15 years from now [8]. Optical interconnects are one of the 
main motivations to look for silicon photonics. But this is not the only one. Photonics has seen 
a big development in recent years at the request of the communication market, where more and 
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more information has to be sent at higher and higher speed. Nowadays, the capacity of optical 
communication on long hauls is reaching some Tb/s" 1 over thousands of kilometres. And all 
these are thanks to the progress in optical fibre fabrication, the use of DWDM, of EDFA and 
Raman amplifiers, modulators and single frequency lasers. 

If one compares the photonic industry with microelectronics today one can see many 
differences. 

(1) A variety of different materials is used: InP as substrate for source development, silica as 
material for fibres, lithium niobate for modulators, other materials for DWDM and EDFA 
and so on. 

(2) No single material or single technology is leading the market. Some convergence is 
appearing towards the use of InP as the substrate material to integrate different optical 
functions. 

(3) The industry is characterized by many different small companies which are specialized in 
specific devices: lasers, modulators etc. No big companies are dominating at present. 

(4) The production technology is still very primitive. Chip scale integration of optical 
components, which enables low cost and high reproducibility, is not yet achieved* Neither 
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Figure 3. An example of the complexity of the metal interconnects in today's chip. Left chip 
cross-section: most of the chip is occupied by melaJ interconnect layers. Right: the complexity of 
[he architecture of the metal line. From a talk by Joise Maiz at the Spanish Microsystems Research 
Centre (CM1C) on 14 June 2002 
(http^w\w.intel.cor^researc^^ 

standardization of processes nor packaging of optical components, which is inherent for 
mass production and repeatability, are present. 
(5) Roadmaps to dictate and forecast the evolution of photonics are only now being 
elaborated [9]. 

It is commonly accepted that the industrial model of microelectronics if applied to photonics 
will be a booster to the development and implementation of photonics. To describe this 
new technology the term of microphotonics has been proposed [11]. All the big players of 
microlectronics have aggressive programmes to develop microphotonics > mostly based on 
silicon [10]. 

The aim of this review is to try to give the state-of-the-art on the development of silicon 
photonics with the aim of settling the status and trying to weigh up whether silicon can be used 
as the photonics material. For this reason, all the different components are briefly reviewed 
(section 2) with a special emphasis on the subject which is at the forefront of today's discussion: 
the route to a silicon laser (section 3). The selection of the various experimental data is not 
intended to be exhaustive but simply representative of some of the more successful devices 
and integration schemes which have been reported. I apologize in advance to all those authors 
whose work I am not referring to. 



2. Silicon photonics 

It was predicted in the early 1990s that silicon based optoelectronics would be a reality 
before the end of the century [12, 13]. Indeed, all the basic components have already been 
demonstrated [14], except for a silicon laser* 



2.1. Silicon based waveguides 

The first essential component in silicon microphotonics is the medium through which light 
propagates: the waveguide. This has to be silicon compatible and should withstand normal 
microelectronics processing. Critical parameters are the refractive index of the core material, its 
electro-optical effects, the optical losses and the transparency region . To realize low loss opucal 
waveguides, various approaches have been followed [15]: low dielectric mismatch structures 
(e.g. doped silica [16], silicon nitride [17] or silicon oxynitride on oxide [18], or differently 
doped silicon [19]) or high dielectric mismatch structures (e g. silicon on oxide [11]). Low 
loss silica waveguides are characterized by large dimensions (see figure 4), typically 50 //,m 
of thickness, due to the low refractive index mismatch {An = 0.1-0.75%). Silica waveguides 
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Figure 4. Comparison of the cross-sections of a CMOS chip, a typical SOI waveguide, a typical 
silica waveguide and a silica mono- mode optical fibre. 

have a large mode spatial extent and t thus, are interesting for cou pling with optical fibres but not 
for integration into/within electronic circuits because of a significant difference in sizes. The 
large waveguide size also prevents the integration of a large number of optical components 
in a single chip. Similar problems exist for silicon on silicon waveguides where the index 
difference is obtained by varying the doping density [19). Silicon on silicon waveguides are 
very effective for realizing free-carrier injection active devices (e.g. modulators) as well as fast 
thermo-optic switches thanks to the high thermal conductivity of silicon. A major problem 
with these waveguides is the large free-carrier absorption which causes optical losses of some 
dB cm^ 1 for single-mode waveguides at 1.55 jim. Silicon nitride based waveguides [17] and 
silicon oxy nitride waveguides [18] show losses at 633 nm lower than 0.5 dB -1 and bending 
radii of less than 200 /xm. The nitride based waveguides are extremely flexible with respect 
to the wavelength of the signal light: both visible and IR. 

At the other extreme, silicon on insulator (SOI) or poly silicon based waveguides allow for 
a large refractive index mismatch and, hence, for small size waveguides in the sub-micrometre 
range. This allows a large number of optical components to be integrated within a small area. 
Optical losses as low as 0.1 dB cm' 1 at 1.55 £tm have been reported for channel waveguides 
in SOI (optical mode cross-section 0,2 x 4 /-tin 2 ) [20]. Ideal for on-chip transmission, SOI 
waveguides have coupling problems with silica optical fibre due to both the large size difference 
and the different optical impedance of the two systems (figure 4). Various techniques have 
been proposed to solve these problems, among which are adiabatic tapers, V-grooves and 
grating couplers (figure 5) [21, 22]. Large single-mode stripe loaded waveguides on SOI 
can be achieved provided that the stripe and the slab are both made of silicon [23]. This 
SOI system provides low loss waveguides (<:0.2 dB cm -1 ) with single-mode operation with 
large rib structures (optical mode cross-section 4.5 x 4 /xm 2 ) and low birefringence (< 10~ 3 ). 
Appropriate geometry with the use of an asymmetric waveguide allows bend radii as short as 
0.1 mm [24]. A number of photonic components in SOI have been demonstrated [23] and 
commercialized [24]: directional couplers, dense WDM arrayed waveguide grating, Mach- 
Zehnder filters, star couplers, . . « 



2.2, Detectors 

The optical signal is converted into an electrical signal by using silicon based photodetectors. 
Detectors for silicon photonics are based on three different approaches [25]: silicon 
photoreceivers for X < 1.1 /tun, hybrid systems (mostly IH-V on Si) and heterostructure 
based systems. High speed (up to 8 Gb s~ l ) monolithically integrated silicon photoreceivers 
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Figure 5* Various schemes to couple the light from a fibre 
into a waveguide by using an adiabatic laper or a grating 
coupler, or from a waveguide into a photodiode by using a 
curved TIR (total internal reflection) mirror. 



at 850 nm have been fabricated by using 1 30 nm CMOS technology on a SOI wafer [26]. Other 
recent results confirm the ability of silicon integrated photoreceivers to detect signals with a 
high responsivity of 0.46 A W" 1 at 3.3 V for 845 nm light and 2.5 Gb s" 1 data rate [27]. The 
heterostructure approach is mainly based on the heterogro wth of Ge rich SiGe alloys: Ge-on-S i 
photodetectors have been reported with a responsivity of 0.89 A W" 1 at 1.3 iim and 50 ps 
response time [28]- 1% quantum efficiency at 1.55 fxm in an MSM (metal-semiconductor- 
metal) detector based on a SL/SiGe superlattice shows that promising developments are 
possible {29]. Similarly a waveguide photodetector with Ge/Si self-assembled islands shows 
responsivities of 0.25 mW at 1.55 /xm with zero bias [30]. 

2.3. Other photonics components 

Almost all the other photonics components have been demonstrated in silicon 
microphotonics [13, 25]. Optical modulators, optical routers and optical switching systems 
have been all integrated into silicon waveguides [31], Discussion of a series of photonics 
components realized with SOI waveguides is given in [23] which includes plasma dispersion 
effect based active gratings, evanescent waveguide coupled silicon-germanium based 
photodetectors and Bragg cavity resonant photodetectors. 

2.4, Silicon photonic integrated circuits 

Based on the technologies reported in the previous sections, various demonstrations of photonic 
integrated circuits based on silicon have been reported. Here we discuss some examples. 
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Figure 6. Example of the various devices that can be integrated on a silica based lightwave circuit 
SS-LD stands for laser diode, WGPD stands for photodetectors (from [32]). 



Hybrid integration of active components and silica-based planar lightwave circuits 
provides a full scheme for photonic component integration within a chip [32]. Passive 
components are realized by using silica waveguides while active components are hybridized 
within the silica (see figure 6). Active components (laser diodes, semiconductor optical 
amplifiers and photodiodes) are flip-chip bonded on silicon terraces where the optical 
waveguides are also formed. By using this approach, various photonic components have been 
integrated such as multi-wavelength light sources, optical wavelength selectors, wavelength 
converters, all optical time-division multiplexers etc [32]. Foreseen applications are WDM 
transceiver modules for fibre-to-the-home application. 

A full integrated optical system based on silicon oxynitride waveguides, silicon 
photodetectors and CMOS transimpedance amplifiers has been realized [18]. Coupling of 
visible radiation to a silicon photodetector can be achieved by using mirrors at the end of the 
waveguide (figure 5), These are obtained by etching the end of the waveguide with an angle so 
that the light is reflected at almost 90° into the underlying photodetector. A schematic diagram 
of the cross-section of the device is shown in figure 7. 

Commercial systems for the access network telecom market have been realized by using 
SOI waveguides and the silicon optical bench approach to interface the waveguides with 
both in-V laser sources and m-V photodetectors. The silicon optical bench (SOB) is a 
technology where the silicon wafer is used as a substrate (optical bench) where the various 
optical components are inserted by micromachining suitable lodging. In [24], lasers and 
photodetectors are stuck into etched holes in silicon and bump soldered in place. The system 
operates at 1 .55 /mi with a typical bit rate of 155 Mb s" 1 [24]. A further advantage of the use 
of a large optical mode waveguide is the ease of interfacing to single-mode optical fibre. In 
the approach of [24], these are located in V-grooves etched into silicon, 

A fully integrated system working at 1.55 /xm has been demonstrated based on silicon 
waveguides with very small optical mode (cross-section 0.5 x 0.2 tim 2 ) which allows extremely 
small turn radii (1 /zm) [11]. In this way alargenumr>erofopUcdcomr^nentsc^ be integrated 
on a small surface (^10000 components cm -2 ). Detectors are integrated within silicon by 
using Ge hetero-gro wth on silicon itself. Responsivity of 250 mA W* 1 at 1 .55 /xm and response 
times shorter than 0,8 ns have been achieved [28], A scheme for an optical clock distribution 
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Figure*. Scheme for an integrated optica! circuit to distribute the clock signal on achip (from [33]). 



within integrated circuits based on this approach is shown in figure 8 [33]. Here the laser source 
is external to the chip and acts as a photon battery similarly to usual batteries for electrons. 

A realistic bidirectional optical bus architecture for clock distribution on a Cray T-90 
supercomputer board based on polyimide waveguides (loss of 0.21 dB cm 1 at 850 nm), a 
GaAs VCSEL and silicon MSM photodetectors has been investigated [34], By using 45° TIR 
(total internal reflection) mirror coupling efficiencies as high as 100% among the sources or the 
detectors and the waveguides have been demonstrated. Examples of the connection scheme 
are shown in figure 9. 



3, Silicon laser 

To achieve monolithically integrated silicon microphotonics, the main limitation is the lack 
of any practical Si-based light sources: either efficient light emitting diodes (LEDs) or Si 
lasers. A laser is preferred as incoherent emission is probably not sufficient for dense, high 
speed interconnects mostly because of the basic optical inefficiencies in focusing incoherent 
light. A laser is ideal for optical interconnects, or more generally speaking, for silicon 
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Figure 9. The optical interconnect scheme proposed in [34] for a supercomputer board: left, 
schematic diagram of the side view of the vertical integration layers; righl, details of the schematic 
diagram (from [34]). 
i 

micropbotonics. Unfortunately, today, the only viable solution is the hybrid approach where 
EQ-V semiconductor lasers are grown, bonded or connected to silicon photonic integrated 
circuits. To have a silicon laser, or in general a laser, one needs three key ingredients: 

(i) an active material which should be Luminescent in the region of interest and which should 

be also able to amplify light, 
(U) an optical cavity into which the active material should be placed to provide the positive 

optical feedback and 

(iii) a suitable and efficient pumping scheme to achieve and sustain the laser action; for 
integration purposes the pumping mechanism is preferable via electrical injection. 

Silicon is an indirect bandgap material; light emission is a phonon-mediated process 
with low probability (spontaneous recombination lifetimes in the milliseconds range) [35]* 
In standard bulk silicon, competitive non-radiative recombination rates are much higher 
than the radiative ones and most of the excited e-h pairs recombine non-radiatively. This 
yields very low internal quantum efficiency (rj,- 10" 6 ) for bulk silicon luminescence. In 
addition, fast non-radiative processes such as Auger or free-carrier absorption severely prevent 
population inversion for silicon optical transitions at the high pumping rates needed to achieve 
optical amplification. Despite all this, during the 1990s many different strategies have been 
employed to overcome these materials limitations [35]. The most successful ones are based 
on the exploitation of low dimensional silicon where silicon is nanostructured and hence 
the electronic properties of free carriers are modified by quantum confinement effects [13 J. 
A steady improvement in silicon LED performances has been achieved and silicon LEDs 
are now within the strict market requirements [36]. In addition, many breakthroughs have 
been recently demonstrated showing that this field is very active and still promising [36-^OJ. 
Figure 10 shows a schematic sketch of the various strategies that are currently followed to 
build a silicon laser [41], They differ both for spectral region of emission and for the physics 
behind. In the following, I will review all these approaches and try to weigh them up. 

3.L Bulk silicon 

I 

Silicon is an indirect bandgap material, thus the probability for a radiative transition is very low. 
This is reflected in very long times for radiative recombinations. Due to these long radiative 
lifetimes, excited free carriers have large probabilities of finding non-radiative recombination 



BNSDOCfD: <XP 231 4301 A_f_> 



R1178 



Topical Review 



Silicon nanocrystols & doped Silicon nanocrystols 




valence band 



Figure 10- Various approaches proposed to realise i silicon laser. 

centres and recombining non-radiatively. Room temperature emission in bulk silicon with 
high efficiency has only been observed in ultra-pure silicon with the surface passivated by 
a native oxide where excited carrier lifetimes are dorninated by radiative recombination. 
Extremely slow recombination rates are possible with high efficiency if one is able to reduce 
to a minimum the competing non-radiative recombinations. This idea to increase the quantum 
efficiency of Si has been followed by two different approaches to develop Si based light emitting 
diodes [36, 42], 

The first approach is based on the results achieved in high efficiency solar cells and on 
the consideration that, within thermodynamic arguments* absorption and emission are two 
reciprocal processes [36]. At first the non-radiative rates are reduced by using 

(1) high-quality intrinsic Si substrates* float zone (FZ) being preferred over Czochralski (CZ), 

(2) passivation of surfaces by high quality thermal oxide, in order to reduce surface 
recombination, 

(3) small metal areas and 

(4) limiting the high doping regions to contact areas, in order to reduce the Shockley-Read- 
Hall recombinations in the junction region. 

Then, the parasitic absorption of photons once they have been generated is reduced to a 
minimum. For example, the reabsorption can be minimized by keeping the doping level 
to moderate values, such as —1.4 x 10 i6 cm~ 3 . Finally, the extraction efficiency of light from 
bulk silicon can be enhanced by suitably texturizing the Si surface. The final device structure 
is shown in figure 11. Green et al [36] report the highest power efficiency to date for Si 
based LEDs, approaching 1%. Electroluminescence (EL) spectra of these devices (figure 12) 
are typical for band-to-band recombinations in silicon. In addition, a fully integrated opto- 
coupler device (LED coupled to a photodetector) was also demonstrated on the basis of this 
technology [43]. 
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Figure 11, Design of the textured Si light emitting device 
after (36). 



Figure 12. EL spectra for textured, planar and baseline 
space cell diodes under 130 mA bias current ai 298 K 
(diode area 4 cm 2 ). Calculated values assume a rear 
reflectance of 96% (after [36]), 
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Figure 13. Current-voltage characteristics for the dislocation loop LED measured at room 
temperature. Inset a schematic diagram of the LED where the grey circles evidence the region 
rich in dislocation loops (after [42]), 

The main drawbacks of this approach for an integrated laser or light emitting diode are 
the following: 

(i) the need for both high purity (low doping concentration) and surface texturing renders the 
device processing not compatible with standard CMOS processing; 

(ii) the strong and fast free-carrier absorption typical of bulk Si, that can prohibit reaching the 
condition for population inversion, is not addressed [44]; 

(iii) the suitable integration of the active bulk Si into an optical cavity to achieve the required 
optical feedback to sustain a laser action can be a problem; 

(iv) the modulation speed of the device can be limited by the long lifetime of the excited 
carriers (milliseconds) and by the need for a large optical cavity. 

A somewhat different approach was reported in [42]; see figure 13. The idea was again 
a reduction of the non-radiative channels by exploiting the strain produced by localized 
dislocation loops to formenergy barriers for carrier diffusion. Dislocations form potential 
pockets close to the junction which block the carriers and enhance radiative decay by localizing 
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Figure 14. EL spectra against wavelength at various temperatures. The device was operated at a 
forward current of 50 mA for all temperatures (after [42]). 



them in defect-free regions. The size of dislocation loops was in the range of 100 nm, i.e. not 
enough to cause a quantum confinement of the carriers, and the loop distances were of the order 
of 20 nm. Free carriers injected through the top electrode are not able to diffuse away and then 
are constrained to recornbine in the near junction region. The onset of the EL at the band edge 
was observed as the diode turns on under forward bias. No EL was observed under reverse 
bias. An ultimate external quantum efficiency of about 1% is claimed for these LEDs. The EL 
spectrum does not present significant differences in lineshape and peak position compared to 
that of bulk Si (figure 14). A remarkable feature of this device is the high injection efficiency 
into the confined regions. This is due to the lack of quantum effects. In fact, since the density of 
states in the active rone is large (comparable to the bulk value), it is not a limiting factor for the 
free-carrier injection, in contrast to quantum confined structures. On the other hand, injection 
is also smooth because there is no wide bandgap material as confining barrier. Although not 
explained, this device has the additional and interesting feature of increasing the efficiency 
with temperature. The positive role of dislocation loops in enhancing luminescence from near 
surface silicon has been further confirmed by other authors [45, 46]. The main problem of this 
approach for a silicon laser is that it does not remove the two main problems of silicon which 
prevent population inversion, i.e. Auger recombination and free-carrier absorption [44]. 

Finally, a problem is also related to the wavelength of emission of these bulk silicon LEDs 
which is resonant with the silicon bandgap: that means that it is very difficult to control the 
region where the light is channelled in silicon if one wants to use these LEDs as a source for 
optical interconnects, light will propagate through the wafer and will be absorbed in unwanted 
places. 



3.2. Silicon nanocrystals 

Another way to increase the emission efficiency of silicon is to turn it into a low dimensional 
material and, hence, to exploit quantum confinement effects to increase the radiative probability 
of carriers. This approach has been pioneered by the work on porous silicon (PS) [49] 
which shows that when silicon is partially etched in an HF solution via an electrochemical 
attack, the surviving structure is formed by small nanocrystals or nano wires which show bright 
red luminescence at room temperature. The explanation of the observed high luminescence 
efficiency in PS was 
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Figure 15* External quantum efficiency of PS LEDs over the year. The record in efficiency lo date 
is that of [51]. 



(i) quantum confinement which leads to an enlargement of the bandgap and to an increased 
recombination probability, 

(ii) the spatial confinement of the free carriers which prevents them reaching non radiative 
recombination centres and 

(iti) the reduction of the refractive index of the material which increases the extraction 
efficiency via refractive index matching. 

This result has motivated many research efforts in order to exploit these properties in LEDs [50]. 
The evolution of PS LED performances over the year is reported in figure 15 [511- 

The PS approach has however a draw-back in the high reactivity of the spongelike 
texture which causes the rapid ageing of the LED and an uncontrollable variation of the 
LED performance with time [50]. No optical gain was reported in bulk PS. From PS, 
silicon nanocrystals (Si-nc)can be obtained by scrapping or ultrasonically dispersing PS [52]. 
Then the surface chemistry can be adjusted and, in particular, oxide passivated. Evidence of 
amplification in these materials has been presented [53]. 

An alternative way is to produce silicon nanocrystals (Si-nc) in a silica matrix to exploit 
the quality and stability of the Si0 2 /Si interface and the improved emission properties of 
low dimensional silicon. Many different approaches have been proposed to form the silicon 
nanocrystals [13, 53]. The most widely used are based on the deposition of sub-stoichiometric 
silica films, with a large excess of silicon, followed by a high temperature annealing [54J. 
The annealing causes a phase separation between the two constituent phases, i.e. silicon and 
Si02 with the formation of small silicon nanocrystals. The size and density of the Si-nc 
can be controlled by the deposition and the annealing parameters. Recently, the anneal of 
amorphous SiCVSi02 superlattices has been proposed to control the size distribution. Almost 
monodispersed size distribution has been demonstrated [55]. 

The luminescence properties of Si-nc are very similar to those of PS: a wide emission 
band is observed at room temperature whose spectral position depends on the Si-nc sizes. In 
these systems optical gain has been observed [37, 53, 56-62], Optical gain in Si-nc has been 
revealed as a superlinear increase of the luminescence intensity as a function of the pumping 
rate [53, 59], as the measurements of amplified spontaneous emission (ASE) in a waveguide 
geometry [37, 56, 57, 60-62] (see figures 16-18), as probe amplification in transmission 
experiments under high pumping excitation [37] or as collimated and speckled patterned 
emissions which show the coherent properties of the emitted light [59]. Some concerns have 
been raised about the methods used to measure the gain [63]. Almost all the authors agree 
on the fact that the gain is due to localized state recombinations either in the form of silicon 
dimers or in the form of Si— O bonds formed at the interface between the Si-nc and the oxide 
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Figure 16* Sketch of the variable stripe length method 
to measure optical gain. The amplified spontaneous 
luminescence intensity Iase is collected from the edge 
of the sample as a function of the excitation length /. The 
laser beam is focused on a thin stripe by a cylindrical lens. 
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Figure 17. Room temperature VSL curves on a Si-nc 
sample as a function of the pumping intensities. The 
detection wavelength was 760 nm. By increasing the 
pumping intensity from 0.05 kW cm" 2 to 1 kW cm -2 the 
optical losses turn into optical gain. The values of optical 
gain become saturated at an intensity of 3 kW cm -2 
(from [62]). 
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Figure 18. Absorb ancc (dashed curve), modal gain spectrum (solid squares) and luminescence 
spectrum (solid curve) for a Si-nc sample (from [62]). 



or within the oxide matrix. The suggested scheme to explain population inversion, and hence 
gain, is a four-level model where a large lattice relaxation of the photoexcited localized centre 
gives rise to the four levels (figure 19) [56, 62], 

Very interesting information can be achieved by time resolved experiments of the ASE 
from Si-nc in a waveguide geometry [56, 57, 62], Figure 20 reports the decay lineshape of the 
ASE both as a function of the pumping fluences (figure 20(a)) and as a function of the excited 
length (figure 20(b)). In addition to the usual slow recombination of Si-nc (microseconds 
range), a fast contribution (nanosecond timescale) is observed which grows up either by 
increasing the fluence or by increasing the excitation length. This last observation rules out 
Auger recombination as the cause of the fast component because of its strongly non-linear 
dependence on the photo-excited carrier concentration, which in figure 20(b) is constant for 
all the various lengths. The origin of the fast component in these Si-nc is stimulated emission. 
This is also supported by other experimental data. 
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Figure 19. Left, effective four-level system based on the results of figure 18, which has been 
introduced 10 model qualitatively the recombination dynamics under gain conditions. From level 3 
the excited carriers can recombine by spontaneous, stimulated or Auger recombinations. Right, 
schematic diagram of the energy configuration diagram of the silicon nanocrystals in an oxygen 
rich matrix. Localized radiative states are formed inside the ranocrystal bandgap by the interface 
oxygen atoms. The excited nanocrystal slate can occur at a different lattice coordinate with respect 
to the ground state (from [62]). 
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Figure 20. (a) Normalized ASE measured under VSL geometry with a pumping length / = 2 mm 
at the different pumping fluences reported in the figure. The measured sample is a Si-nc waveguide- 
Excitation wavelength was 355 nm. (b) Here the effect of the pumping length I on the fast ASE 
dynamics is shown. The pumping fluence is fixed at 183 mj cm -2 and only the pumping length is 
varied according to the values reported in the figure (from [62]). 

Figure 21(a) reports the exponential increase of the fast component intensity as a function 
of the photoexcited volume (which yields a net modal gain of 12 cm" 1 under these pumping 
conditions). Figure 21(b) shows a clear fluence threshold over which the ASE increases 
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Figure 21. (a) Points: ASE peak intensity at 760 nm versus the excitation length at a pump fiuence 
of 200 mJ cm -2 . Full curve; fn of the experimental data with the one-dimensional amplifier model 
which yields a net modal gain value of 12 ± 3 cm -1 , (b) Open circles: ASE peak intensity of 
the fast component versus the pumping fluenee. Black discs: i/e lifetime of the ASE decay as a 
function of the pumping fluenee. Excitation length was approximately / = 2 mm. (c) ASE spectra 
measured for a fixed excitation length / = 2 mm and pumping fiuence of 200 mJ cm for two 
different integration time windows; dotted curve. 100 ns after the excitation; full curve, 500 fts 
after the excitation. AU the data in this figure have been taken with an excitation wavelength of 
355 nm (from 162]). 

superlinearly with the fluences, and the decay lifetime of the emission decreases to a few 
nanoseconds. Figure 21(c) shows that the spectral shape of the fast component is different 
from the one of the slow component reflecting the typical blue shift of the gain band with 
respect to the luminescence (figure 18) which supports the four-level model of figure 19. The 
four-level model is also able to reproduce the decay of the luminescence at high fluences for 
Si-nc as demonstrated in figure 22, In the simulation of figure 22 both stimulated emission and 
Auger recombination are taken into account. At the peak fiuence the lifetimes associated with 
these two processes are only slightly different. It is also this delicate interplay between Auger 
recombination and stimulated emission that governs the optical gain in Si-nc, As discussed 
in [62], the Si-nc density should be large enough to yield a significant optical gain. This means 
that optical gain cannot be achieved in all Si-nc samples. It is interesting to note that the data 
of figure 22 cannot be fitted with only Auger recombinations, even with peak Auger lifetimes 
as short as 90 ps. The contribution from stimulated emission is needed to accurately reproduce 
the luminescence decay. 

The Si-nc system is very promising to achieve a laser. Indeed, other key ingredients for a 
laser have been demonstrated. Vertical optical micro-cavities based on a Fabry-Perot structure 
with mirrors constituted by distributed Bragg reflectors (DBRs) and where the central layer 
is formed by Si-nc dispersed in Si0 2 have been already fabricated [64], The presence of 
the thick Si0 2 layer needed to form the DBR can be a problem for electrical injection when 
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Figure 22. Top panel, simulations of the normalized PL intensity as a function of die incident 
photon ftwx fa . The peak of the incident photon flux <p P was varied between 10 16 and I0 24 photons 
s" 1 cm -2 . The main parameters used in the simulation were the pump absorption cross-section 
op = 10~ 14 cm 2 , the emission cross-section a — 10~ 17 cm 2 , the active centre concentration 
N = 8 x 10 18 cm -3 , the spontaneous emission factor 0 = 4.5 x 10" 4 and the optical losses 
a = 25 cm^ 1 . No Auger recombination has been considered here. Bottom panel, PL decay (O) 
of Si-nc produced by PECVD deposition of 46 at% Si annealed at 1250 °C for 1 h. The solid 
line is a simulation obtained with the same parameters as in the top panel plus an effective Auger 
coefficient C A =10 x 10~ 10 cm^ 3 s -1 (peak Auger lifetime of 3 ns) and a pump photon flux of 
5 x 10 22 photons s~ l cm" 2 . The dashed line is a simulation where no stimulated emission was 
present, only Auger recombination. In this case an Auger coefficient of C A =2 x 10~ 8 cm" s~ 
(peak Auger lifetime of 90 ps) is needed (courtesy of L Dal Negro), 



current has to flow through the DBR. Lateral injection schemes can avoid these problems. 
On the other hand, the electrical injection into the Si-nc is a delicate task by itself 1 . Bipolar 
injection is extremely difficult to achieve. Despite some claims, most of the reported Si-nc 
LEDs are impact ionization devices: electron-hole pairs are generated by impact ionization 
by the energetic free carriers injected through the electrode. By exploiting impact ionization 
Si-nc LED s have been demonstrated with EL spectra overlapping luminescence spectra, onset 
voltage as low as 5 V and efficiencies in excess of 0,1% [66]. Some unconfirmed claims of 
near-laser action of Si-nc LEDs have appeared in the literature [67* 68]. 
The problem of gain in Si-nc still has some unanswered issues: 

(i) what is the role played by the Si-nc and by the embedding medium? 

(ii) what are the key parameters which determine the presence of gain in the Si-nc? 

(iii) is the nanocrystal interaction influencing the gain? 

(iv) are low-losses active waveguides possible to achieve? 

(v) what is the precise nature of the four levels in the model, in particular the location and 
roleofSi-O bonds? 

1 An introduction and up-to-date review can be found in [65J. 
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Figure 23. Room temperature PL spectra of Er implanted Si nanocrystals at different Er doses. 
The pump power of the laser beam was 50 mW (after (74)). 

33. Er coupled silicon nanocrystals 

The recent increase in the transmission capacity of optical fibre based communication is also 
related to the availability of all-optical amplifiers based on Er doped fibres [69]. In this 
amplifier, a silica optical fibre is doped with Er 3 * ions, whose internal atomic-like transition 
at 1.54 /xm is exploited to achieve light amplification. In the past, several attempts have been 
made to reproduce a similar materials system in silicon. Several breakthroughs have been 
recently achieved in the field of Er doping of crystalline Si that allowed fabrication of LEDs 
operating at room temperature [71-73]. 

What it is more interesting for light amplification studies is the experimental finding of 
a strong enhancement of the Er luminescence when Er is implanted or deposited in a Si0 2 
matrix where Si-nc have been formed, i.e. Si-nc act as sensitizers for erbium ions [74, 75] . Non- 
radiative de-excitation processes are reduced by widening the Si bandgap and thus avoiding one 
of the most detrimental sources of Er luminescence quenching- Indeed, the thermally activated 
back-transfer of excitation from Er* + to Si-nc becomes less efficient than in bulk Si since the 
energy mismatch for the process becomes larger. Widening of the bandgap also produces a 
reduction in the free-carrier concentration, thus Umiting the Auger processes. As demonstrated 
in figure 23, a strong luminescence comes from Er ions that are pumped through an electron- 
hole mediated process in which photo-excited excitons from Si nanocrystals transfer their 
energy to Er ions [74]. The number of Si-nc coupled to a single Er ion is still a debated 
issue (between one and ten) [74, 76]. As concerns where Er is placed, from high resolution 
luminescence it is clear that most of the Er is in the Si0 2 matrix, which is an ideal situation if 
one looks at reproducing the environment which is found in an Er doped fibre amplifier Hence, 
Er coupled Si-nc benefits from the advantages of both silicon (efficient excitation) and Si0 2 
(weak non-radiative processes, i.e. negligible temperature quenching of the luminescence), 
while it avoids their disadvantages (low excitation efficiency in SiCh and strong non-radiative 
processes in bulk Si), Indeed, MOS light emitting devices operating at room T have been 
made with this system, where a quantum efficiency larger than 1 % [38] is demonstrated. Even 
higher efficiencies (10%) are reported for Er in silicon rich oxide films; however, in this system 
reliability is still an issue [39]. 
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Figure 24. Pumping power density dependence of the 1540 nm emission of a 6 mm Er doped nc-Si 
waveguide (after [77]). 

The layer co-doped with Si-nc and Er 3 * ions has a refractive index which is larger than 
that of Si0 2 » i.e. waveguides can be formed with a core containing Er 3 * coupled to Si-nc. 
Experiments have shown luminescence increases (figure 24) [77] or even evidence of signal 
enhancement (figure 25) [78] are present in these waveguides. Even though no net optical gain 
was measured, an enhancement in the probe transmission at 1.535 firn was observed as the 
pump power was increased. By rather crude approximations, it i s possible to write that the probe 
transmission when the pump is on, is related to the probe transmission when the pump is 

off. / (0), by SE =/ (P)/I(0) = exp(2(<7 N 2 r)L), where SE is the signal probe enhancement, 
a is the Er 3+ emission cross-section at 1.535 ^m, N 2 the density of excited Er ions, T the 
optical mode confinement factor and L the waveguide length. A fit to the experimental data 
yields an increased Er 3 * emission cross-section with respect to Er ions in silica or in silicon 
(table 1) [40]. This is a quite unexpected result, which has however been confirmed by other 
research groups. The reason is still unclear, one can speculate about the role of the dielectric 
environment which is modified by the presence of the Si-nc [76], What makes this finding 
interesting is the possibility of significantly reducing the cavity length in an amplifier or laser 
below the one usually employed in the silica doped fibre systems. Sizeable gain can be further 
obtained by low Er doping concentrations. To summarize the very interesting properties of 
the Er 3 * coupled Si-nc system, table 1 compares the main cross-sections of Er 3 * in silica and 
silicon and coupled with Si-nc. 

The system Er 3 * coupled to Si-nc is very promising for laser applicati ons because theacti ve 
material (Er 3 * in Si0 2 ) has already shown lasing properties. In addition, the technology to 
produce the material is very compatible with CMOS processing. Microcavities with excellent 
luminescence properties have been also demonstrated [64], which allows design of both edge 
emitting and vertical emitting laser structures. The issue related to electrical pumping of the 
active material, which was believed to be a major short-cut of this approach, can be solved 
as extremely high efficiency LEDs have been demonstrated [38, 39]. A still open issue is to 
engineer the waveguide losses in order to be able to measure net optical gain and not only 
signal enhancement in a pump and probe experiment. This seems only a problem of time and 
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Figure 25. Pump power dependence of ihe signal enhancement SB and of a theoretical fit. An SE 
of up to 14 dB cm" 1 , implying a possible net gain of up la 7 dB cm" 1 , is found. From the fit, an 
emission cross-section of 2 x 10" 19 cm 2 and an effective excitation cross-section of > \ CT 1 cm 
at 477 nm was deduced (from (78]). 




Figure 26. Schematic valence band diagram of one stage of the structure, under an 
applied electric field of 70 kV cm" 1 . Only the HH band and the modulus squared 
of the relevant HH wavefunctions are shown for clarity. Note that the axis of the 
energy is turned upside down. Each period, starting from the injection barrier, con- 
sists of the following sequence of Si barrier (roraan) and SiazGeo* (bold) in A: 
25/11/4/26/5/26/6/24/7/21^ 

The underlined numbers correspond to doped layers with a boron concentration of 5 x 10 cm 
(from [88]). 

research efforts. Then further work should be spent to optimize the gain with respect to the 
waveguide parameters and develop a suitable optical cavity which can be electrically injected. 

3.4. Si/Ge quantum cascade structures 

One route to avoid the fundamental limitation to lasing in silicon* i.e. its indirect bandgap, is to 
avoid using interband transitions. Indeed, if one exploits only intraband transition, e.g. intra- 
valence-band transition, no fundamental problems exist to impede lasing in silicon [82]. This 
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is indeed the approach of the quantum cascade (QC) Si/Ge system. With SiGe QC lasers, one 
is trying to use the concept that has already been successful in III-V semiconductors, which 
is advancing as a viable option for rnid-IR emission, covering today a large wavelength range, 
3-24 ;xm [83], 

The idea of the device is shown in figure 26. The QC scheme can be implemented in the 
conduction or valence band. However, to achieve a conduction band discontinuity the growth 
of a Si/Ge superlattice on a relaxed SiGe buffer is necessary. For pseudomorphic growth 
on a Si substrate most of the band offset occurs in the valence band. Hence t the cascading 
scheme is usually designed in the valence band [84], This differs from QC lasers based 
on HI-V semiconductors that employ electron cascade structures. In figure 26, the valence 
band diagram of a cascading stage of a hole-injected p-i-p valence band device is shown. 
Injected holes make a vertical transition between subbands, and then they cascade down the 
electrically biased staircase. In order to assist population inversion, the lower laser level is 
rapidly depopulated by relaxation within the miniband. Practically, one has two identical active 
regions connected by an injector. EL from a SiGe QC structure grown on Si has recently been 
demonstrated [84, 88]. 

Starting from the possibility of monolithic integration with silicon microelectronics, the 
Si/SiGe system is more interesting than III-V heterostructures forQC laser applications. The 
non-polar electron-phonon interaction is the dominant loss process in HI-V QC lasers. In 
silicon, due to the covalent bonding, the non-polar phonon scattering is absent. The optical 
phonon energy in Si is much higher than in GaAs (64 rneV compared with 36 meV), providing 
a larger frequency window within which (non-polar) optical phonon scattering is suppressed. 
In Si the thermal conductivity is much larger than that of GaAs, giving better prospects of CW 
operation at non-cryogenic temperatures. On the other hand, some constraints are present [85 J: 
the necessity to work in the valence band and thus the higher effective masses of the charge 
carriers, limited band offset of approximately 80 meV per 10% Ge concentration and splitting 
into heavy hole (HH) and light hole (LH) bands. Moreover, the high amount of strain, due to 
the lattice mismatch between Si and Ge, sets an upper limit to the number of wells per cascade 
and the number of cascades, as well as the thickness and Ge content of each individual welL 
Due to the mentioned constraints, the developed Si/SiGe cascade structure is a drastically 
simplified version of the typical III-V QC structures. As shown in figure 26, in a practical QC 
structure each cascade consists of only a few wells [85] . 

Figures 27 and 28 show the typical EL spectra recorded in QC structures grown on Si 
substrates [87, 88]. The levels involved are valence levels; the radiative transition is between 
HH states. The quantum efficiency estimate is about 10' 5 for EL [85-88]. Temperature- 
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Figure 27. EL spectra of the sample with 1 5 repetitions, taken at 80 K with and without a polarizer 
placed in the light path. The parameters are 4.7 V, 550 mA, 94 kHz and a duty cycle of 10%. The 
polarized EL is measured at 5.2 V, 650 mA and a 20% duty cycle. The inset shows the results of a 
photocunent measurement at 77 K (from [881). 
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Figure 28. (a) Current-dependent EL spectra in forward bias and spectrum at reverse bias at 80 K. 
(b) I-V curve and integrated EL intensity (from [87]). 



dependent measurements show nearly identical spectra between 20 and 90 K and a broadening 
and vanishing of the peak at about 160 K. It is possible to improve these results controlling 
the large accumulation of strain imposed by the use of a Si substrate. This has been done 
by using a SiasGeas substrate and growing on it strain compensated SiojGeafi/Si quantum 
wells. Intersubband transitions have been observed by absorption measurements at 235, 262 
and 325 meV changing the well width from 3.5 to 2.5 nm; peaks are observed up to room 
temperature [88]. For similar structures EL has been detected at 80 K [88]. 

The QC concept works for HI-V semiconductors. The SiGe system has some advantages 
and a fundamental limit posed on the number of periods of successive QW cascades which 
is given by the critical thickness for the formation of misfit dislocation. Hence, even though 
these devices show interesting EL properties for the prospect of the development of a Si based 
laser, highly evolved cascade structures have to be realized. As the gain per single element 
is low due to the nature of the intraband transition, a large number of cascading structures 
will be needed to accumulate a macroscopic gain. In fact, no stimulated emission in SiGe 
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Figure 29, Schematic valence band profile of a Si/SiGe quantum staircase laser operating via 
radiative LH1-HH1 transitions (from [92] with kind permission of Kiuwer Academic Publishers), 



QC structures has been reported to date. In addition, all these have to be integrated within 
a waveguide cavity. In addition, the emission wavelength is different from those commonly 
used for optical interconnects. A waveguide for these wavelengths can be realized by using 
SOI substrates or thick, relaxed SiGe graded buffer. The other photonic components have still 
to be developed to achieve a photonic integrated system. Although some authors propose to 
use a QC laser for free-air optical interconnects, such a Si/Ge QC laser will be of little use for 
silicon photonics if all other compatible elements will not be developed. 

i 

3.5. THz emission 

A gap in the frequency spectrum of electromagnetic waves opens across the THz region, where 
no semiconductor sources are available. At low frequencies, sources are made by electronic 
oscillators (high speed transistors) while at high frequencies the sources are made by injection 
lasers. Recently, a THz laser has been demonstrated by using IH-V semiconductors which 
shows the way to cover this THz gap 189]. With the same aim, and using the many advantages 
of the SiGe system over the ni-V systems for these frequencies, a research effort is made to 
implement the QC concept and make a laser in these frequency regions [90-92], A typical 
structure is shown in figure 29 which by using p-type heterostructures is designed to emit 
radiation from LH-HH transitions. In this way both edge emission and surface-normal THz 
emission might be obtained. Growth of p-Si/SiGe QC structures comprising up to 100 periods 
has been demonstrated using low pressure CVD via a strain balanced approach on virtual 
substrates. Intersubband THz EL from a range of Si/SiGe QC structures has been observed 
in both edge and surface-emission geometries. An example is shown in figure 30. The LH- 
HH intersubband lifetime was measured to be —20 ps, which is over an order of magnitude 
longer than high temperature values in III-V heterostructures, implying that a Si/SiGe THz 
QC laser may be capable of much higher operating temperatures than corresponding III-V 
devices. Emission power levels comparable to the one reported on IH-V devices before laser 
processing have been measured which indicate that there are good prospects for realization 
of a THz Si/SiGe QCL via further optimization of the active region and appropriate cavity 
design [92]. 

Another approach to THz laser emission in silicon has been developed [93-96]. The idea 
is to make a THz laser using intra-shallow donor optical transitions in silicon. A band diagram 
showing the lasing transition is reported in figure 31. Very narrow spectral emission and the 
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Figure 30. FT1R edge-emission spectrum for a QC structure, at a temperature of 4.2 K. The pulsed 
bias voltage was 7 V with a 10% duty cycle. The features marked (a), (b) and (c) correspond to the 
theoretically calculated emission peaks for the LH1-«H 1 , HH2-HH1 and LH2-HH1 iniersobband 
transitions, respectively (from [92] with kind permission of Kluwer Academic Publishers). 
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Figure 31. Optical transitions in SLR The dashed 
line represents the energy level of the D~ centre state 
(from [96]). 



Figure 32. Stimulated emission spectrum from Si:Sb. 
The emission curve is identified with the 2po —*- Is 
intracentre Sb transition (from [96]). 



light intensity threshold versus pumping power are reported in figures 32 and 33. All these data 
should indicate that lasing has been achieved in this system. However, some points need to 
be clarified, such as the optical mode pattern in the simple cavity structure used, the evolution 
from spontaneous to stimulated emission and the coherent property of the light Other concerns 
are related to the dilute doping of the system in order to avoid impurity-impurity interaction 
which will prevent population inversion and the schemes for electrical injection. It is clear that 
the use of THz laser sources for silicon microphotonics requires a complete reshaping of the 
scheme developed up to now. 
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Figure 33. Dependence of the emission on the pump power for 9.6 excitation (dashed curve) 
or the 10.6 tint excitation {solid curve) (from [961). 



4. Conclusion 

Throughout this review, I have tried to describe the status of silicon microphotonics and the 
recent advances that cause people to be optimistic to the realization of an active silicon light 
source. Indeed, many claims to have a silicon based laser within a short period have appeared 
in the literature by many of the researchers involved in this field [97]. If this objective is 
realized all the major building blocks for monolithic silicon microphotonics will be available. 

The final vision is to have Si microphotonics participating in every global application of the 
photonics industry: communications, computing, information displays, optical-and-infrared 
imaging, medicine, optical printing, optical command-and-control, optical sensing of physical 
chemical and biological inputs, optical signal processing, optical storage and optical control of 
microwave devices or systems [98]. We indeed propose silicon as the unifying material where 
the next generation of photonics devices will be realized. 
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We report evidence for quasicontinuous optical gain in CdS quantum dots fabricated by the sol-gel 
process and embedded in glass. The gain spectra are obtained using the pump and probe technique 
and nanosecond (quasi resonant) excitation at 13 K. The dots are in the intermediate quantum 
confinement regime and the concentration of CdS is relatively high. The gain, which is spectrally 
broad, develops on the low energy side of the absorption band edge. The reason why the gain region 
is broad is not only the size distribution of the dots, but also the nature of the gain, which originates 
from the recombination of several excited levels between two and one electron-hole pairs states (i.e., 
biexciton to exciton). The maximum measured gain reaches 200 cm" 1 at 11 K and 17 cm" 1 at 
170 K. © 1995 American Institute of Physics. \ 



Three-dirnensionally quantum confined semiconductors 
are attractive because of the predicted enhanced optical prop- 
erties with increasing confinement. Semiconductor quantum 
dots (QDs) have been investigated extensively, 1 but they 
have not shown superior emission properties. One known 
problem is the reduced radiative efficiency with decreasing 
dot as a result of surface recombination. For QDs in glass 
especially, limitations are the large size distribution of the 
dots, the presence of trap states {such as vacancies, substitu- 
tional defects, and dangling bonds), the observed photodark- 
ening and low density of microcrystallites (active material) 
in the glass matrix. 

Semiconductor crystallites in glass have a number of ad- 
vantages including the relatively easy growth of QDs of dif- 
ferent II -VI semiconductors by heal treatment and the pos- 
sibility of fabricating low loss waveguides with ion exchange 
in the high quality glass matrix. The quality of our QDs has 
been improved with the use of the sol-gel synthesis: 2 high 
dot density, dots sizes much smaller lhan the bulk exciton 
Bohr radius a Bohr , with more uniform size distribution, and 
an almost complete elimination of the photodarkening 
effect 3 

Femtosecond dynamics of optical gain in strongly con- 
fined CdSe QDs have been recently studied using femtosec- 
ond (fs) optical excitation. 4 Gain in the weak confinement 
regime for CuCl crystallites in glass has been also studied at 
77 K. 3 

In this letter, we report our measurement of the gain 
spectra of sol-gel derived CdS QDs glasses in the intermedi- 
ate confinement regime and compare the results with the cal- 
culated gain for a quasi -/ero-dimensional electron-hole sys- 
tem, accounting for one and two electron-hole pair states. 
Using the variable-stripe length method, we analyze the tem- 
perature dependence of the gain between 1 1 and 170 K« 

The CdS nanocrystallites we investigated were fabri- 
cated by the sol-gel process. 2 5.6 wt % CdS nanocrystallites 



were embedded in a fully dense 5Na 2 0- 15B 2 O 5 -80SiO2 
(mol %) glass after heating at 590 °C. The transmission elec- 
tron micrograph (THM) in Fig. 1(a) shows that the average 
dot radius R was 2.8 nm with a distribution of u (standard 
deviation) = 1.0. The average radius R of the dots was on the 
order of the bulk exciton Bohr radius a Bohr . Figure 1(b) 
shows a typical image of these nanocrystallites with high 
resolution transmission electron microscope (HRTEM: Top- 
con 002B, 200 kV). These crystallites of R**2.5 nm (graphi- 
lizcd carbon internal standard) are both oriented perpendicu- 
larly to the (101) reflection plane. The electron and x-ray 
diffraction pattern of our sample show that the crystallites 
are of hexagonal symmetry. 
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FIG, I. (a) TEM micrograph and (b) HRTEM micrograph of the 5.6 wt 1 
CdS-doped sodium borosilicate glass. 
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FIG. 2. (a) Absorption (gain) spectra of CdS QDs measured at 11 K for 
different pump excitation intensities Tb e pump wavelength is 455 nm 
for the solid curve (t eKC =fo) and 440 nm for the dotted curve 
=j / 0 /7), whh / 0 = 570 kW/tm 2 . The dashed curve is the linear absorption 
spectrum. The inset shows a scheme of the energy levels considered for the 
model calculations: the ground state and the one and two cleclron-hole pairs 
levels with their excited states, and one of the recombinations which pro- 
vides ihe optical gain, (b) Temperature dependence of the gain between 10 
and 170 K. The spectra were measured with the variable- stripe- length 
method (see the inset), with an excitation intensity 7 CJkt .= 3/" 0 » l 355 nm. 



The glass sample was polished to a thickness of 17 ±2 
jxm and held in a cryostat at T= 1 1 K for optical character- 
Nation. Differential transmission (DTS) and absorption spec- 
tra have been measured in the common pump and probe 
technique, with 3 ns duration pump pulses at 10 Hz repeti- 
tion rate. The probe beam, originating from the luminescence 
of a dye cell, had an 8 ns pulse duration and was cross 
polarized with respect to the pump to reduce the scattered 
light. The time delay between the pump and the probe pulses 
was less than 1 ns. 

Figure 2{a) shows the absorption spectra for different 
pump intensities, A bleaching of the absorption spectrum is 
observed as the excitation intensity is increased. The position 
of the maximum (around 465 nm) does not change when we 
vary the pump wavelength, even for low excitation intensity. 
This can be interpreted as a low inhomogeneous broad- 
ening, 6 giving another indication of the relatively narrow size 
distribution of the QDs, A broad gain region (negative ab- 
sorption), ranging from fe 470 to *=«540 nm, is observed for 
the highest pump intensity. These results are in agreement 
with the results of Dneprovskii et aL? who have observed 
gain in CdSe QDs in the intermediate confinement regime. 
The maximum gain reaches about 200 cm" 1 at 493 nm for 
an excitation intensity of I 0 = 570 kW/cm 2 . The rapid oscil- 
lations in the gain region are Fabry-Perot interferences, 
whose period corresponds to the sample thickness. The pump 
wavelength is 455 and 440 nm, respectively, for the two 
input intensities 7 exc , as indicated by the sharp scattering 
signals. The comparison with the linear absorption spectrum 
(dashed curve) shows that the gain develops on the low en* 
ergy side of the absorption band edge and extends well be- 
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FIG. 3. Calculated absorption (gain) spectra. The bars correspond to the 
relative strength of the optical transitions between (i) the one eJectron-hole 
pairs and the ground stale (positive -absorption) and (ii) the two electron- 
hole pairs and the one pairs slates (negative- = gain). Calculations are made 
for /? = 0.75« Jkihr , R-a BQfu1 and R= l,25tf 0ohr relative to the bulk band* 
gap value of CdS (2.56 eV) and without any broadening -mechanism. The 
model takes into account the Coulomb interaction, the valence band mixing, 
and the surface polarization effects. 



low the band edge. This behavior is expected of the gain 
involving two electron-hole {eh) pairs (biexciton) 
recombination. 8 

The temperature dependence of the gain between 1 1 and 
170 K is presented in Fig. 2(b). The variable-stripe length 
method was used to measure the gain spectra. 9 The third 
harmonic of the Nd:YAG laser was focused onto the sample 
by using a cylindrical lens, to form a narrow rectangular 
stripe, 0,05-2 mm long and about 20 //m wide. The emitted 
light (i.e., amplified luminescence / AL ) was collected from 
the edge of the sample in the direction of the stripe, as shown 
in the inset of Fig, 2(b). The method allowed us to reproduce 
the gain spectra of Fig. 2(a) {solid line), when we pumped 
with /cxc^S/o at 355 nm. As expected, the gain decreases 
with increasing temperature, rapidly at the beginning (it is 
already two times smaller at 20 K), and it disappears around 
170 K. With increasing the excitation intensity to 10 MVY/ 
cm 2 , the maximum gain at 170 K was 17 cm" 1 . 

Figure 3 shows the calculated gain and absorption spec- 
tra in the absence of any broadening mechanism. The bars 
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FIG. 4, Photolummescence (PL) spectra at II K Tor differenl pirnip excita- 
tion intensities (from 4 to 770 kW/cm 2 ). The intensities are in logarithmic 
scale. The narrow peak (at 490 nm) is attributed to excitonlc recombination 
and the broad peak (around 700 nm) is probably due to trap states recom- 
bination. The pump wavelength is indicated on the figure. The inset shows 
the log -log plot of the integrated luminescence (areas) of the two PL peaks 
as a function of the pump excitation intensity. The circles arc for the narrow 
peak surface (A) and the triangles are for the broad peak surface (B). 

correspond to the calculated dipole matrix elements in rela- 
tive units. The transitions between the one eh pair states and 
the ground state are shown as positive bars (above the base- 
line), and the transitions between two eh pairs and the one 
pair states are shown as negative bars (below the baseline). 
Calculations are made for three different confinement values: 
R = Q.15a Bohry /? = £ Bohr , and/?= 125di Bohr , with an infinite 
quantum confinement potential. A detailed description of the 
calculation, which includes the numerical diagonalization of 
the Hamiltonian for the one and two eh pairs wave functions 
and the calculation of the eigenenergies and of the transitions 
dipole moments, will be published elsewhere. 8 The valence 
band mixing is accounted for by using the Liminger Hamil- 
tonian within the axial approximation [with m f =0Am 0 ; 
7i=5; 72=73=1-8, €= ff,/e 2 = 10, where y l9 y 2 ,yi are 
the Luttinger parameters and is the dielectric constant 

inside (outside) the dot]. The model takes into account the 
several excited levels of the two and one eh pairs states (i.e., 
biexciton and exciton), which can have a recombination en- 
ergy smaller than the ground states transition energy [see the 
inset of Fig. 2(a)]. The population among the different ex- 
cited energy levels is assumed to be the same for each quan- 
tum dot level, as there is not a thermal distribution between 
the levels which can be populated by only one eh pair of the 
same quantum state. We see that the gain is due to these two 
eh pairs recombination which extend on the low energy side 
of the first one pair transition. As the quantum confinement is 
increased (see the lower part of Fig. 3), the gain reaches 
lower energies and the absorption is shifted to higher ener- 
gies. Due to the size distribution of the QDs in our sample, 



the light emiaed by the strongest gain region around the 
band edge is reabsorbed by the bigger dots (upper pan of 
Fig. 3). 

We have taken photoluminescencc (PL) spectra of the 
same sample (see Fig. 4). They show two emission bands as 
it is usually the case for the QDs in glass: 10 one broadband in 
the near-infrared, which is related to defects, and a narrower 
band at shorter wavelength, in the same range where the gain 
is observed. The excitation intensity dependence of the inte- 
grated luminescence of these two bands indicates that the 
narrow band is growing faster than the broad one with in- 
creasing excitation, supporting the fact that the broad emis- 
sion is related to impurities or defects whereas the narrow 
emission band has an intrinsic character. The increase in the 
integrated luminescence of the narrow band is superlinear 
with the intensity. This can be understood because (i) the 
luminescence comes from biexciton ic recombination, (ii) 
there is stimulated emission in that region, and (iii) there are 
two different recombination channels, one intrinsic channel 
and one channel related to defects. At higher excitations, the 
defect-related channel saturates (see the inset in the Fig. 4). 

Tn summary, CdS QDs in the intermediate quantum con- 
finement regime show significant optical gain as high as 200 
cm -1 at low temperature. The gain persists up to 170 K, but 
it decreases with increasing temperature. The sample is fab- 
ricated by sol-gel process and has a relatively high concen- 
tration of CdS embedded in a borosilicate glass. Our model 
calculations indicate that the broad gain region we observe is 
not only due to the size distribution of the dots, but also to 
the fact that the gain originates from several excited states 
transitions between two and one electron-hole pairs. 

This work has been supported by AFOSR/BMDO, NSF, 
and ARO. The authors would like to thank John Wheatley, at 
the Arizona State University (Center for Solid State Science), 
for the HRTEM work. J.B. would like to thank the "Fonds 
National Suisse de la Recherche Scientifique" for financial 
support. 
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We report on room-temperature optical gain at the ground exciton transition of PbS 
ouantum-dot-dopcd glasses while optical pumping into the next-higher exciton resonance. The 
2S£n in'the quantum dots is as large as 80 cm"'. The dot-size ^g"*^^ 
tunability of the optical gain. This is demonstrated by tunmg the gain from 1317 to 1352 nm by 
changing the pump wavelength from 900 to 980 am. © 1999 America, Institute of Phystcs, 
[S0003-695 1 (99)00 1 46- 1] 
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A major advantage of semiconductor-doped glasses oyer 
epitaxially grown structures is that glass is an inexpensive 
and robust material. Recent improvements in the manufac- 
ture of quantum dots (QDs) embedded in glassy matrices 
have resulted in structures with more uniform-size distribu- 
tion; fewer vacancies, substitutional defects, and dangling 
bonds; higher dot concentration; and reduced photodarken- 
ing. As in epitaxially grown QD structures, the three- 
dimensional quantum-confinement effects in the incorpo- 
rated semiconductor QDs allow for tailoring the linear and 
nonlinear optical properties of these materials. Thus, semi- 
conductor quantum-dot-doped glasses are very promising 
candidate materials for photonics applications and may have 
niche applications relative to the complicated and expensive 
epitaxially grown structures. 

In this letter, we report on room-temperature optical gain 
in PbS quantum-dot-doped glasses in the communication- 
wavelength region. When pumping into the first-excited ex- 
citon transition, optical gain is observed in the vicinity of the 
ground exciton resonance. We demonstrate that the spectral 
position of the peak gain can be changed from 1317 to 1352 
nm by tuning the pump wavelength between 900 and 980 
nm, a wavelength range which is accessible with InGaAs 
laser diodes. This tunability relies on the strong carrier con- 
finement and the inhomogeneous broadening in the sample 
due to dot-size fluctuations, whereas the actual spectral width 
and position of the gain is given by the pump pulse. 

Tn our experiments, we used PbS quantum-dot-doped 
glasses which were fabricated by a thermal treatment of an 
oxide molten glass. 1 In this method, the subsequent thermal 
treatment of the melted glasses precipitates the rnicrocrystal- 
line phase. PbS quantum-dot-doped glasses exhibit strong 
three-dimensional quantum-confinement effects at moderate 
nanocrystal size because of the large bulk exciton Bohr ra- 
dius of a B ™ 18nm. This, combined with the small band-gap 
energy of 0.41 eV (room temperature) of PbS, allows for 
tuning the ground exciton absorption from the visible to 3 
fim. Figure 1(a) shows the room-temperature absorption 
spectra of PbS-doped glasses fabricated with different ther- 



mal treatment schedules, which result in different average 
dot sizes. The strong quantum confinement in these struc- 
tures is clearly observed in the large blueshift of the 
ls-absorption resonance with decreasing dot size. The ap- 
pearance of denned subbanded peaks in all absorption spec- 
tra demonstrate the high quality of our samples and the rela- 
tively small size distribution of the PbS QDs. The average 
radii R of the QDs are deduced from fitting the spectral po- 
sitions of the lowest-energy absorption peaks, which have 
been determined from the first derivative of the absorption 
spectra shown in Fig. 1(a), to the calculated 1 s -transition 
enercies. 2 Here, we used the analytical hyperbolic band (HB) 
model, 3 which phenomenologically includes the nonparabo- 
licity of the band structure and provides very good estimates 
for the ls-transition energies. Figure 1(b) compares the cal- 
culated dot-size-dependent energies of the Is and Ip transi- 
tion with the measured absorption maxima. As we can see, 
when the HB model is used to fit the lj-transition energy, 
the \p -transition energy is slightly underestimated. 

To investigate the dynamics of the nonlinear absorption, 
we performed two-color pump-probe experiments. In these 
experiments, we used orthogonally polarized 130 fs pulses 
which are independently tunable in frequency. Pump and 
probe pulses are obtained from two optical parametric am- 
plifiers, which are synchronously pumped by one regenera- 
tive Tirsapphire amplifier at a repitition rate of 1 kHz. The 
zero time delay and the time resolution are given by the cross 
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™. 1. (a) Room-temperature absorption spectra of PbS quantum-dot- 
doped glasses with different dot radii R. (b) Calculated Is- (solid line) and 
Ip-transition (dashed line) energies; open (filled) circles; position of first 
(second) absorption peaks in (a). 



3060 



© 1999 American institute of Physics 



Supplied by The British Library - "The world's knowledge" 



AppL Phys. Lett., Vol. 75, No. 20, 15 November 1999 



Wundkeera/. 30ei 




0 5 10 15 
Time (ps) 



0 20 40 
Time {ps) 



FIG, 2, Dynamics of the nonlinear absorption for the sample with J? 
= 2.7 nm, (a) probe at 1317 nra, which is at the U -absorption peak, with a 
pump fluence of 4 mj/cm 2 and pumping at 900 mn (I), which is at the 
1 p -absorption peak, or pumping at 980 nm (2), which is on the low-energy 
side of the Ip-absorption peak [see Fi$. 3(a)]; (b) probe at 1352 nm and 
pump at 980 nm with pump fluences of 4 mJ/cm 2 (!) or 2 mJ/cm 2 (2), No 
gain is observed for probing at J 352 nm and pumping at 900 nm; the linear 
absorption is marked by the dotted horizontal lines. 
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FIG, 3. (a) Absorption spectrum of the sample with /c = 2.7nm and pump 
and probe pulses of Fig. 2(b), (b) Calculated Is- (open circles) and 
Ip-transition (full squares) energies; the arrows mark the positions nf pump 
and probe pulses as shown in (a). 



correlation of both pulses, which has been measured to 200 
fs. To minimize the fluctuation in the detected signal due to 
the laser-intensity noise, we utilized a dual-beam setup for 
the probe beam: one invariant reference path and one signal 
path that contains the sample. The signals of both (probe) 
beams are then detected with an autobalanced photoreceiver 
(Nirvana, New Focus), which cancels out signals that are 
common to both channels. With this technique, we are able 
to detect small transmission changes; however, the spectral 
resolution is limited by the pulse spectral width due to the 
spectral-integrated detection. 

In the following, we concentrate on results obtained at 
the sample with an average dot radius of 2,7 nm. Figure 2 
shows the dynamics of the nonlinear absorption for two dif- 
ferent probe wavelengths: (a) resonant with and (b) 35 nm 
below the maximum of the 1 j -absorption peak. In Fig. 2(a) 
the pump wavelength is tuned and set either to the maximum 
of the Ip-absorption resonance [curve (I)] or 80 nm below 
this maximum [curve (2)J Fig. 2(b) shows the bleaching 
dynamics for two different pump intensities* whereas the 
pump wavelength is fixed at 80 nm below the maximum of 
the lp -absorption peak. 

The dynamics of the bleaching signal can be fitted using 
a simple asymmetric response function with exponential rise 
and decay times (solid lines). All transients shown in Fig. 2 
exhibit the same ultrafast rise time of about 300 fs, which is 
only slightly above the time resolution of our experiments. 
The recovery dynamics of the bleaching signal changes with 
the pump fluence, i.e., the decay time decreases with increas- 
ing pump fluence from 28 to 16 ps. The dotted horizontal 
lines in Fig. 2 mark the value of the linear absorption a 0 d at 
the respective probe wavelength. 

The sub-ps buildup of the bleaching signal is consistent 
with previous observations of the ultrafast Is dynamics in 
glass samples 4 " 6 and indicates that the phonon bottleneck 7 is 
not effective in this system. Note the large excess energy of 
the excited carriers, which varies with the pump-probe de- 
tuning between approximately 12 and 16 LO-pbonon 
energies** Different mechanisms have been proposed to 
overcome the phonon bottleneck. 9 ' 1 2 Klimov and 
McBranch 4 showed that in a glass sample, the observed short 
rise time can be explained in terms of an Auger-like 
mechanism, 12 which involves confinement-enhanced energy 



transfer of the electron excess energy to a hole, with subse- 
quent fast relaxation through its dense spectrum of states. 
The observed ps decay of the bleaching signal agrees well 
with the excitonic lifetime observed in various quantum-dot 
glass samples, 6 ' 13 ' 16 The origin of this fast and pump- 
fluence-dependent decay of the excitonic population has 
been discussed either in terms of carrier trapping effects, 14-16 
i.e„ at surface located defects, or Auger recombination. 17 " 19 
Optical gain is observed when the negative nonlinear 
absorption exceeds the linear absorption (dotted horizontal 
lines in Fig. 2). The buildup time of the gain, as seen in each 
curve (1) in Figs, 2(a) and 2(b), is about 500 fs and the gain 
lasts for 5-6 ps. The maximum gain value is gd= —(a 0 
+ Aa) 4*1-0.022. which corresponds to 15% (a) and 28% (b) 
of the linear absorption. From the measured optical gain and 
the filling factor (0.15%) of the QDs in the glassy material, 
we estimate a material gain in the QDs of 80 cm' 1 , This 
room-temperature material gain is large compared to earlier 
results of 33 cm" 1 obtained by Butty et at. 2{> in sol-gel- 
derived CdS QDs. The Significant enhancement of the optical 
gain can be attributed to the stronger three-dimensional 
quantum confinement in our samples, which is expected to 
enhance the optical nonlinearities, 21 The difference in the 
quantum confinement can be seen if we compare the normal- 
ized dot radius Rfa B - 13 for the sample used in Ref. 20 to 
Rfa R =0.\5 in the PbS quantum-dot-doped glass used in the 
experiments presented here. 

In Fig. 3, we illustrate the spectral dependence of the 
optical gain. Here, the spectral positions of the pump and 
probe pulses, as used in the experiments of Fig. 2(b), are 
compared to the linear absorption of the sample [Fig. 3(a)] 
and the calculated I s-lp splitting [Fig. 3(b)], When pump- 
ing into the Ip-absorption resonance, optical gain is found 
only when the pump-probe detuning is close or equal to the 
Is- lp splitting for a given dot size. More explicitly, gain is 
found only for pumping at 900 nm and probing at 1317 nm 
[see curve (1) of Fig. 2(a)] or for pumping at 980 nm and 
probing at 1352 nm [see curve (1) of Fig. 2(b)]. However, no 
gain is observed for pumping at 980 nm and probing at 13 17 
nm [see curve (2) of Fig. 2(a)] or for pumping at 900 nm and 
probing at 1352 nm. Since in our experiments, the inhomo- 
geneous broadening of the 1 p absorption is large compared 
to the spectral width of the pump pulse, the pump pulse only 
excites a small portion of all QDs for which the pump pulse 
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is resonant with the \p transition. Optical gain is only pos- 
sible in this subset of pump-pulse-selected QDs and will ap- 
pear around the transition frequencies between the lowest 
confined electron and hole levels after relaxation of the ex- 
cited electron-hole pairs to the exciton ground state. In this 
case, taking into account our dot-size-selective excitation, as 
the mismatch between the U-lp splitting and the pump- 
probe detuning increases, the ratio between gain from the 
excited QDs and absorption from the nonexcited QDs de- 
creases. Consequently, the effective optical gain disappears 
if this mismatch is too large, as demonstrated in curve (2} in 
Fig. 2(a). Here, the detuning of the probe pulse from the 
maximum gain position is about 35 nm, which corresponds 
to the initial spectral distribution of the excited carriers given 
by the pump pulse. 

So far* we neglected the Coulomb and spin-orbit inter- 
actions, which change the selection rules and, therefore, in- 
crease the number of dipole-allowed transitions."" These ad- 
ditional transitions give rise to optical gain at new 
frequencies. For example. Hu etcdP used a microscopic 
model to describe optical gain observed in CdS and CdSe 
QDs, 20,24 Here, the gain was spectrally broad and located on 
the low-energy side of the ground exciton absorption. This 
was explained by taking into account one and two electron- 
hole pair recombination, i.e., excitons and biexcitons. On the 
basis of these results, we would expect maximum gain at a 
pump-probe detuning slightly larger than the l.t-lp split- 
ting when pumping into the 1 p transition. Our limited spec- 
tral resolution and accuracy of the HB model to calculate the 
1 j? -transition energies does not allow a final conclusion 
whether or not a shift or increased gain bandwidth due to the 
biexcitonic contributions is present* Furthermore, our pro- 
nounced dot-size-dependent selective excitation prohibits a 
direct comparison of our experimental results and the earlier 
experiments on CdS and CdSe QDs. 

In summary, PbS quantum-dot-doped glasses show 
room-temperature gain of 80 cnT ! in the communication 
wavelength region around 1.3 jum. We have shown that we 
can utilize the strong quantum- confinement effect and the 
inhomogeneous broadening due to dot-size fluctuations to 
tune the gain spectrum of an individual PbS-doped glass. 
Furthermore, because the exciton ground-state transitions, 
where the gain is observed, can be widely tuned by changing 
the size of the QDs, we believe that room-temperature opti- 
cal gain in PbS quantum-dot-doped glasses is possible over a 
wide spectral range. This gain tunability together with the 
demonstrated possibility of optical pumping at the wave- 



length of commercially available laser diodes shows that PbS 
quantum-dot-doped glasses may be suitable low-cost alterna- 
tives to current amplifiers and lasers for optical communica- 
tion applications. 
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Fabrication of germanium-coated nickel hollow waveguides for infrared 
transmission 
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Circular hollow nickel waveguides with an inner germanium layer are fabricated by using a 
method based on rf sputtering, plating, and etching techniques. Transmission losses less than 0.5 
dB are achieved including launching losses for straight waveguides with 1.5 mm«* X 1 m at 10.6- 
jum wavelength. Bending losses of the waveguides are also examined. 



i 



PACS numbers: 42.80.U, 42>60.Kg, 84.40.Ts, 84.40. Vt 



Realization of flexible waveguides for C0 2 laser light 
becomes an important subject in industrial and medical ap- 
plications. From the viewpoint of power handling 
capability, hollow-core waveguides seem to be suitable for 
practical use 1 and several kinds of hollow waveguides are 
proposed and fabricated such as so-called flexible-infrared 
transmissive waveguides/' 2 helical-circular waveguides, 3 
circular metallic waveguides, 4 dielectric-coated metallic wa- 
veguides, 5 ' 6 and hollow glass waveguides. 7 Among the var- 
ious hollow-core waveguides, the dielectric-coated metallic 
waveguide which we proposed can transmit the HE, j mode 
with low loss and high launching efficiency from commer- 
cially available C0 2 lasers and its transmission characteris- 
tics are fully analyzed in slab 5 **' 9 and circular wave- 
guides. 5 ' 10 ' 11 In this letter we report the first fabrication of 
the dielectric-coated metallic waveguides with relatively 
small transmission losses. 

To fabricate the dielectric-coated metallic waveguides, 
two points were the main concern. One is the adhesion 
between the metal and dielectrics, and another is to form 
waveguides efficiently. In order to solve these problems, we 
developed a method based on rf sputtering, plating, and 
etching techniques as schematically shown in Fig. 1. As first 
trial, we select germanium as a transparent dielectric at 10.6- 
fim wavelength. Nickel is chosen as a metal because its plat- 
ing techniques are well established 5 " and also the thickness 
of several hundred microns of metal which makes wave- 
guides mechanically strong can be obtained by plating. 
These two materials are also preferable because they are free 
from toxicity in our fabrication process of waveguides. 



First, germanium is sputtered on a polished aluminum 
pipe (outer diameter of 1*5 mm, thickness of 0.2 mm, and'X 
length of 1.2 m) which is rotated with 10 rpm and moved j 
axially with 10 crn/min in a vacuum chamber (2.0xl0~ 2 
Torr of argon gas) to obtain a uniform thin layer. Schematic ; 
view of the sputtering apparatus is shown in Fig. 2, Sputtered i 
germanium on the aluminum pipe is observed to be amor- • 
phous according to the x-ray analysis, although an original 
material is single crystal. The sputtering rate is around 0.15 : 
jumAx for 500- W rf power. A typical thickness of the germa^ 
nium layer d is designed to be 0.45 jum so as to satisfy the " 
minimum loss condition 10,1 

[ fl *_ 1)"'%/- ± tan-^^-f^) + *r. 

where k 0 is the wave number in free space, a is the refractive I 
index of the dielectric, i.e., 4.0 for germanium, and 5 is the^ 
integer. . 

In order to form a metallic pipe, nickel is directly plated H 
onto the germanium layer. An anode of a nickel plate is. 
formed to a circular cylinder whose diameter is 7.5 cm and.; 
length is 1.2 m and a cathode for plating is located at its i 
center to form nickel uniformly. The plating bath is com- ; 
posed of NiSo 4 6H 2 0 {240 g) f NiCl 2 6H.O (45 gj, and H,B0 4 
(30 g) in water of 1 000 cm 5 in ratio. Although the jpH changes . 
from 1.3 to 3.7 during plating of several pieces of wave-.; 
guides, a nickel layer of 70-200 juni is formed with sufficient 
mechanical strength. The current is 50 mA at an early stage- 
of plating to form a pipe with a smooth surface and is gradu- 
ally increased up to 2 A to form a pipe efficiently. Finally, the ; 
aluminum pipe is etched away by 10-20% NaOH solution- 
and a circular hollow nickel waveguide with an inner germs-; 
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FIG. i. Schematic method to fabricate £erd52iiurr»-coated nickel wave* 
guides. 
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FIG. 3. Cross-sectional view of a germanium-coated nickel waveguide. 



nium layer is fabricated. The cross-sectional view of the 
waveguide is shown in Fig, 3, where the germanium layer is 
made rather thick to show the adhesion between the nickel 
and germanium layers. 

Several germanium-coated nickel waveguides are fabri- 
cated. Total transmission losses and polarization properties 
of the straight waveguides are measured and summarized in 
Table I as well as those of various hollow waveguides at 10.6 
jim for comparison. Excitation of waveguides is conducted 
through a 20-cm-long waveguide with the same diameter of 
the test one by focusing a laser beam with a ZnSe lens 
lf= 127 mm). The diverging angle of the output beam from 
waveguides is around 16-2 1 mrad depending on waveguides, 
which shows that several higher order modes propagate, for 
the theoretical one of the HE,, mode is 10,8 mrad. It is seen 
that the losses of metallic waveguides can be reduced signifi- 
cantly by coating a dielectric material. Even when the laser 
beam is directly focused to the germanium-coated nickel wa- 
veguides, total transmission losses including launching 
losses increase by only 0.05 dB and never exceed 0.5 dB for 1 - 
m-long waveguides. By connecting two waveguides careful- 
ly, total loss of 1 dB is achieved for 2-m-long waveguide. This 



TABLE I. Transmission properties of various hollow straight waveguides. 
Waveguides denoted by * are commercially available. Others are fabricated 
by the techniques presented in this paper. 



Hollow 
Waveguides 


Dimensions 
imrn^ Xmj 


Total 

loss 

(dB) 


Degree of 
polarization 


Pyrex glass 


1. 5X1X1* 


1.22 


99. i 


Teflon 


1.6X1.01* 


4.42 


99.1 


Aluminum 


1.6x1.05* 


2.26 


88.9 


Kickel 


1.6X1.01* 


2.34 


83.9 




1.5X1.02 


2.65 


81.7 




1.5X1.03 


0.35 


95.6 


Germanium-coaled 


1.5x1.01 


0,40 


93.2 


nickel 


I.5XL01 


0.41 


97.1 




1.5X1.01 


0.43 


93.2 




FIG. 4, Bending losses of a nickel hollow waveguide with 3 ,5-mm diameter 
and 1.02-m-Iong whose straight-waveguide loss is 2,85 dB. 



fact suggests that a waveguide with length of several meters 
can be realized by using the present fabrication techniques 
and equipment. Although a theory ,0, 1 1 predicts that the pow- 
er loss of the HE lt mode is 3.2 x 10~ 2 dB/m, the difference 
between theoretical and present experimental results may be 
caused by roughness or gradual deformation of the wave- 
guides and deviation of the thickness of the germanium layer 
from the optimum one which is not completely controlled at 
present. 

Bending losses of nickel waveguides without and with 
an inner germanium layer are measured and shown in Figs. 4 
and 5, where the first 20 cm is made straight and the rest of 
80 cm of the waveguides is bent with a uniform curvature. 
When the polarization is parallel to the plane of curvature 
(denoted by E t ), transmission is extremely small for the nick- 
el waveguide even for large bending radii, whereas large im- 
provement is done for the germanium-coated waveguide as 
well as when the polarization is perpendicular. If the dielec- 
tric-coated waveguides with smaller losses are realized in 
straight structures, the waveguides can be much sharply 
bent without significant loss increase. 

This work is supported by Scientific Research Grant- 
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FIG. 5. Bending los^s of a germanium-coated nickel waveguide with 1.5- 
mm diameter and L 01 ^m-long whose straight- waveguide loss is 0.43 dB. 



43t 



Appi. Phys. Lett.. Vol. 43, No. 5, 1 September 1963 



Miyagi et ai 



431 



Supplied by The British Library - "The world's knowledge 



In-AicL from Ministry of Education, Science, and Culture, 
Japan. 



'E. Garmire, T. McMahon, and M. Bass, AppL Opt. 15, 145 {1976J. 
2 E. Garmire, T. McMahon, and M. Bass, IEEE LQuanium Electron. QE- 
16,23[19S0>. 

*M. E- Marhic, L. 1, Kwan, and M. Epstein, Appl. Thys, Lett. 33, 874 
(197B). 

4 M. E. Marhic and E Garmire, Appl. Phys. Lett. 3S, 743 (1981). 

5 M Miyagi, A. Kongo, and S. Kawahariii, in Technical Digest, Institute of 



Electronics and Communication Engineers (1ECE, Tokyo, 1981), pap-r 
OQE 80-1 It tin Japanese). 
*M. E. Marhic, Appl. Opt., 20, 3436 (J9S1). 

7 T. Hidoka, K. Kumada, J. Shimada, and T. Mcrikawa, J. Appl. Phys. S3, 
54S4(1982). 

a M. Miyagi and S. Kawakami, Appl. Opt. 24, 4221 [1981). 

9 M. Miyaci, A, Kongo, and S. Kawakami, IEEE J. Quantum Electron. 

QE-19, 136(1963). 
,fi M. Mtyagi, Rec, Elect Corauiun. Eng. Conv. Tohofcu Univ. 51, 32 (IS 22) 

(in Japanese). 
"M. Miyagi and S. Kawakami [unpublished}. 

X2 Handbook of Chemistry, edited by Chemical Society of Japan (Maruzen, 
Tokyo, Japan 1965), pp. 103-109 {in Japanese). 



Transverse second-order mod© oscillations in a twin-stripe laser with 
asymmetric injection currents 

S. Mukai, K Yajima, S. Uekusa s a) and A. Sone b) 
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Transverse second-order mode oscillations in asymmetrically pumped twin-stripe lasers are 
described. Both far-field patterns and near-field patterns have two peaks, and a stronger peak 
appears on the weakly pumped side. The dependence of light intensity in one peak of the far-field 
pattern on the current into one stripe shows threshold characteristics. On application of 
rectangular pulse to one stripe, switching from one peak to the other occurs within 5 ns. 

PACS numbers; 42.55.Vx, 42.80.Lt, 42.60.Da, 42.60,He 



Asymmetric waveguide structures in semiconductor la- 
sers cause asymmetry in far-field radiation patterns. Asym- 
metric far-field patterns were observed for lasers with a 
built-in asymmetric structure, 1 and were also observed for 
lasers with symmetric built-in structures using asymmetric 
distribution of injection currents. 2 ' y The asymmetric far- 
field patterns were explained on the basis of Maxwell's equa- 
tion for an asymmetric distribution of complex refractive 
indices. lk2 * 4 However, investigations have so far been limited 
to transverse fundamental mode oscillations in an asymmet- 
ric waveguide, and very litde is known about higher-order 
mode oscillations. 3 In the present letter, we report experi- 
mental results and some theoretical insight about transverse 
second-order mode oscillations in semiconductor lasers with 
asymmetric injection currents. 

The device structure is similar to the one reported by 
Scifres etaL 2 The wafers were grown by liquid phase epitaxy 
and consisted of a Si-doped (2X 10 1S cm" 3 ) GaAs substrate, 
2-/*m*thick Te-doped (1 x 10 17 cm -3 } Al 0 . 35 Gao. 6 ; As layer, 
0*2-^m~thick undoped active Alo.05Gao.95 As layer, 2-/*m- 
thick Ge-doped (5X10 16 cm - - 3 ) Al a35 Ga 0 .«As layer, and 
0,3-/zm-thick Ge-doped (lxlO 1 * cm" 3 ) GaAs. A 12-pm- 
wide mesa was formed by etching down to 0,5/:m above the 
active layer. After depositing a 0,1-^m-thick Si 3 N 4 film, 2- 
/^rn-wide twin stripes on S-//rn centers was etched in the film 

* J On leave from Department of Electrical Engineering, Meiji University, 1- 

1-1 Higashirnita, Tama, Kawasaki, Japan. 
b| On leave from Hamamatsu Photonics Co., 1326- J fchincmachi, Hama- 

matsu, Japan, 



on the mesa. Thep-side contacts were Cr and Au, The con- ^ 
tact between the stripes were chemically etched. 200/zm- '% 
long chips were cleaved. They were pumped with l-//s width 
rectangular pulses. The total threshold current was about 60 ■/ 




FIG. 1 . Far-Meld patterns of a twin-stripe laser. J t and I r are currents inject- 



ed into the left arid right stripes. The inset shows currents at which the pat- - ; 
terns were observed. Open circles mean that the left peak cf the far-fieid V_ \ 
pattern is higher thsn the right peak at these currents. Solid circles mean the -J 
opposite. The broken line approximately determines two current regions ^ j 
corresponding lo the left peak (or right} peak being higher. The arrows con- f { 
necting the circles show how the currents were varied. - P \ 
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A Review of IR Transmitting, 
Hollow Waveguides 



JAMES A, HARRINGTON 



Ceramic & Materials Engineering 
Rutgers University 
Piscataway, New Jersey, USA 

Infrared (IR) transmitting hollow waveguides are an attractive alternative to solid- 
core IR fibers. Hollow guides are made from plastic, metal, or glass tubes that have 
highly reflective coatings deposited on the inside surface. These guides have losses as 
low as 0,2 dB / m at 10.6 p.m and may be bent to radii less than 5 cm. For use in 
high-power laser deliveiy applications, the guides have been shown to be capable of 
transmitting up to 3 kW of CG 2 faser power. They are also finding uses in both 
temperature and chemical fiber sensor applications. This paper reviews the progress 
in hollow waveguide technology with emphasis on the best guides available today. 

Keywords IR fibers, hollow waveguides, laseT power delivery, fiber sensors 

Infrared (IR) optical fibers may be defined as fiber optics transmitting wavelengths 
greater than approximately 2 pm. The first IR fibers were fabricated in the mid 
1960's from chalcogenide glasses such as arsenic trisulfide with losses in excess of 
10 dB/m [1], During the mid 1970's, the interest in developing an efficient and 
reliable IR fiber for short-haul applications increased partly in response to the 
need for a fiber to link broadband, long wavelength radiation to remote photode- 
tectors in military sensor applications. In addition, there was an ever- increasing 
need for a flexible fiber delivery system for transmitting C0 2 laser radiation in 
surgical applications. 

Around 1975, a variety of IR materials and fibers were developed to meet 
these needs. These included the heavy metal fluoride glass (HMFG) and polycrys- 
tallinc fibers as well as hollow rectangular waveguides. While none of these fibers 
had physical properties even approaching that of conventional silica fibers, they 
were, nevertheless, useful in lengths less than 2-3 m for a variety of IR sensor and 
power delivery applications [2]* 

Infrared fiber optics may logically be divided into three broad categories: glass, 
crystalline, and hollow waveguides. These categories may be further subdivided, 
based on either the fiber material or structure or both, as shown in Table 1. Over 
the past 25 years, many novel IR fibers have been made in an effort to fabricate a 
fiber optic with properties as close to silica as possible, but only a relatively small 
number have survived, A good source of general information on these various IR 
fiber types may be found in the literature [3-6], In this paper, the hollow 
waveguide technology will be reviewed only with emphasis on the best and most 
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Table 1 

Three main categories of iR fibers with examples of the most common type of 
fiber within the category of glass, crystalline, or hollow fibers 



Main 


Subcategory 


Examples 


Glass 


Heavy metal fluoride 


ZBLAN-(ZrF 4 -BaF r LaF 3 -AlF 3 -NaF) 




(HMFG) 




Gcrmanate 


GeO r PbO 




Chalcogenide 


As 2 S 3 and AsGeTeSe 


Crystal 


Polyciystalline (PC) 


AgBrCl 




Single crystal (SO 


Sapphire 


Hollow 


Metal/dielectric film 


Hollow glass waveguide 


waveguide 


Refractive index < 1 


Hollow sapphire at 10*6 jum 



practical hollow waveguide candidates available today. In general, both the optical 
and mechanical properties of IR transmitting hollow waveguides remain inferior to 
silica fibers and, therefore, the use of hollow guides is still limited to nontelecom- 
munication, short-haul applications requiring only a few meters of waveguide, 
rather than kilometer lengths common in telecommunication applications. The 
short-haul nature of these special IR fibers results from the fact that the guides 
have losses in the range of a few dB/m rather than a few dB/km, Also, hollow 
guides have an additional loss on bending, and they are also somewhat weaker than 
silica fiber. These deleterious features have slowed the acceptance of hollow guides 
and restricted their use today to applications in chemical sensing, thermometry, 
and laser power delivery. 

Background 

Hollow waveguides present an attractive alternative to other solid-core IR fibers 
[2J Key features of hollow guides are their ability to transmit wavelengths well 
beyond 20 yxm, thciT inherent advantage of having an air core for high-power laser 
delivery, and their relatively simple structure and potential low cost. Initially, these 
waveguides were developed for medical and industrial applications involving the 
delivery of C0 2 laser radiation, but more recently, they have been used to transmit 
incoherent light for broadband spectroscopic and radiometric applications [7, 8]. In 
general, hollow waveguides enjoy the advantages of high laser power thresholds, 
low insertion loss, no end reflection, ruggedness, and small beam divergence. 
Potential disadvantages, however, include an additional loss on bending and a 
small NA. Nevertheless, today they are one of the best alternatives for both 
chemical and temperature sensing as well as for power delivery in IR laser surgery 
or in industrial laser delivery systems with losses as low as 0.1 dB/m and 
transmitted cw laser powers as high as 2.7 kW [9]. 

Hollow-core waveguides may be grouped into two categories: 1) those whose 
inner core materials have refractive indices greater than one (leaky guides) and 2) 
those whose inner wall material has a refractive index less than one (attenuated 
total reflectance, i.e., guides). Leaky or n > 1 guides have metallic and dielectric 
films deposited on the inside of metallic, plastic, or glass tubing [10]. Attenuated 
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Figure 1. Structure of two types of hollow waveguides also showing the key parameters of 
bore and bending radius affecting the losses in hollow guides. 

total reflectance guides are composed of dielectric materials with refractive indices 
less than one in the wavelength region of interest [11]. Therefore, n < 1 guides are 
fiberlike in that the core index (n = 1) is greater than the clad index. Hollow 
sapphire fibers operating at 10.6 fxrn (n = 0.67) are an example of this class of 
hollow guide [12]. The structure and key parameters for hollow guides are shown in 
Figure L In general, hollow structures with n > 1 have been made from metal, 
plastic, and glass tubes while the n < 1 or ATR guides are made of sapphire or 
some special n < 1 oxide glass. 

The theory of hollow waveguide transmission has been described from the 
viewpoint of both wave and ray optics. Marcatili and Schmeltzer (MS) [13] have 
used a wave optic approach that predicts for either metallic or dielectric wave* 
guides that a ~ 1 /a 3 , where a is the attenuation coefficient and a is the bore 
radius. Bending the hollow waveguides increases the total loss. Recently, Miyagi ct 
aL [14] have shown that the additional bending loss varies as 1/f?, where R is the 
bending radius. Therefore, we have in contrast to the solid-core fibers, a loss that 
depends strongly on the diameter and bending radius of the fiber. For the thin film 
waveguide structures, Miyagi and Kawakami [15] have shown that for dielectric 
coatings deposited over a metallic layer, the attenuation coefficient, is given by 



where a* is the loss for a straight guide; U a is a mode-dependent parameter that 
for the lowest order HE n mode equals 2.405; n and k in {,„) raetal refer to the 
optical constants of metal film; and F fi]m is a term that accounts for the loss due to 
the dielectric film(s). 

Metal-Tube Waveguides 

Hollow core waveguides have been fabricated using a variety of techniques. Some 
of the methods include physical vapor deposition of silver and dielectric layers on 
metallic substrates [16], sputtering of metallic, dielectric, and semiconductor films 




metal 



film ? 



(l) 
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Figure 2. Structure and spectral losses for metallic waveguide fabricated by Miyagi's group 
at Tohoku University [22]. 



on a leachable mandrel followed by electroplating [17], and liquid phase formation 
of coatings inside plastic tubing [IS], and glass tubing [19]. Most often the cross 
section of the guides is circular, but early work by Garmire et al. [20] and more 
recently by Kubo [21] on rectangular guides continues to be of interest. The 
advantage of the circular cross section is the ease of bending and the small overall 
size compared to rectangular or square cross section guides. 

Professor Miyagi and his coworkers at Tohoku University [17] have pioneered 
the development of metallic waveguides based on a hollow nickel substrate. Their 
fabrication process involves three steps. In the first step, a pipe made typically of 
aluminum is placed in a sputtering chamber and a dielectric layer followed by a 
metallic film is deposited on the pipe. Next, the coated pipe is put into an 
electroplating tank, where a thick nickel layer is deposited on top of the sputtered 
layers. Finally, the pipe is etched away leaving the final structure shown in Fig- 
ure 2. 

In Figure 2, we also show a typical loss curve for one of their best dielectric 
coatings (ZnS) over silver. The data shown are for two 1000 /xm-bore guides, one 
optimized for the 3 wavelength of the Er:YAG laser and the other optimized 
for the 10.6 jxm wavelength of the C0 2 laser. The optimization for each wave- 
length results from adjusting the thickness of the thin-film dielectric coating. In 
Figure 3, bending losses for these hollow waveguides are given for both the C0 2 
and Er:YAG laser wavelengths [22]. The losses are seen to be as low as 0.25 dB/m 
at 10.6 jum for light polarized perpendicular to the plane of bending, but slightly 
higher for parallel polarized light. This is as expected from waveguide theory or 
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« Er:YAG - Perpendicular 

a C0 2 - Parallel 
m CO z - Perpendicular 



0 12 3 4 

Curvature, 1/m 

Figure 3. Losses for bent hollow metallic "guides taken at both C0 2 and EnYAG laser 
wavelengths [22], 



from simple considerations based on Fresnci reflections from metal surfaces. The 
highest C0 2 laser power delivered using a 2000 iim bore metallic guide is over 3 
kW [9]. Miyagi and his coworkers have also developed a hollow structure based on 
a square cross section [23]. To fabricate a square cross-section tube they have 
developed a process in which they first deposit, using evaporative techniques, 
thin-film coatings of ZnS, PbTe, and/or PbF 2 on phosphor bronze strips and then 
they solder four of these phosphor bronze metal strips together in a continuous 
process. The losses for these square guides are as low as 0.1 dB/m at 10.6 jLtm. 

The waveguides developed by Morrow et al. 124] are constructed from a silver 
tube. Instead of depositing a metallic layer inside a hollow mandrel, they begin 
with an extruded silver tube and then deposit a silver halide film on the inside of 
the tube as shown in Figure 4. To ensure the lowest loss, Morrow et al. first etch 
the bore of the silver tubing to make it smooth. Then an AgBr film is applied on 
the inside using wet chemistry methods. The bending loss for a 1000 ^im-bore tube, 
1-m in length at 10.6 fxm is also shown in Figure 4. it is noted from this data that 
the losses in the straight guide are quite low. Unfortunately, the guides tend to mix 
modes and, therefore, the beam output is rather multimode compared to the 
hollow glass or sapphire waveguides. This is due in large part to the rougher inner 
surface of the extruded tubing compared, for example, to the smooth inner surface 
of glass. 

Luxar's approach is based on technology initially developed by Laakmann and 
her colleagues [16]. Their fabrication technique involves first depositing a silver 
film on a metal strip and then overcoating the silver with a thin film of PbF 2 . The 
metal strip is then rolled and inserted into stainless steel hypodermic tubing as 
shown in Figure 5. The bending loss for one of their guides is also shown in Figure 
5. This waveguide had a 750 fxm bore, 1-m length and the losses shown are foT 10.6 
jam. Like the other hollow waveguides, the losses are quite low at C0 2 laser 
wavelengths. Furthermore, the 1 /R behavior of the loss on bending is noted. This 
is, of course, characteristic of all hollow guides, but the magnitude of this loss 
depends largely on the quality of the inner surface. In general, these bending losses 
are tolerable for the radii normally encountered in practical applications. 
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Figure 4. Structure and bending loss for hollow guide made from silver tubing with a AgBr 
film deposited on the inside surface [24]. 
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Figure 5. Structure and bending loss for hollow guides made by Luxar [16]. 
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Plastic-Tube Waveguides 

Hollow waveguides may also be formed on the inside of plastic tubing. This leads 
to a very flexible structure that is Inexpensive to fabricate and durable enough that 
a reasonable laser power (safe limit < 25 \V) can be transmitted through the 
guides. Croitoru's group at Tel Aviv University has pioneered the approach of first 
depositing a silver film on the inside of Teflon and polyethylene plastic tubing (see 
Figure 6) and then overcoating the silver film with a dielectric layer of Agl [18] 
using wet-chemistry techniques [25]. Initially, Croitom used rather large bore 
tubing, but more recently guides with bore sizes of about 1000 fxrn have been 
fabricated. In Figure 6 the bending loss is shown for a 1000 fim bore tube 
measured at 10.6 /xm. The losses are somewhat higher than those measured for the 
metallic tubes. This is primarily due to increased scattering losses resulting from 
the rougher inner surface , of the plastic tubing. In an independent measurement, 
the author was able to transmit over 65 W of C0 2 laser power for several minutes 
through an 1850 jum bore guide. 

Losses in the plastic waveguides made by Croitoru may be reduced if smoother 
polymer tubing is chosen. Haan and Harrington [26] have used similar wet-chem- 
istry methods to deposit Ag/AgI films inside polycarbonate tubing. Extruded 
polycarbonate tubing in lengths of 2 m and bore sizes from 840 jam to 2 mm was 
used to make the guides. Figure 7 shows the lowest straight losses for several 
hollow waveguide structures — two polycarbonate waveguides, a Teflon waveguide, 
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Figure 6- Structure and bending loss for hollow plastic waveguide made by Croitoru's group 
at Tel Aviv University [18], 
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Figure 7. Composite data for hollow glass and plastic waveguides. Note the iow loss at 10,6 
jxm for the glass guides in comparison to the plastic guides. 



and hollow glass waveguides (see next section) measured using a C0 2 laser. The 
solid curve is calculated for the lowest order mode at 10.6 jtm using Eq. L The 
attenuation values of 0.22 dB/rn for an 840 /xm PC guide and 0.10 dB/m for a 
1500 fim PC guide show the improvement over the Teflon or polyethylene 
waveguides. In a simple power test using a CO, laser, the 1500 jum waveguide was 
able to withstand more than 25 W of incident laser power. 



Hollow Glass Waveguides 

One of the most popular hollow waveguides today is the hollow glass waveguide 
(HGW) developed by Harrington's group at Rutgers University. This hollow glass 
structure has the advantage over other hollow structures because it is simple in 
design, extremely flexible, and, most important, has a very smooth inner surface. 
Hollow glass waveguides have a metallic layer of Ag on the inside of silica glass 
tubing and then a dielectric layer of Agl over the metal film identical to that used 
to make the hollow plastic guides- Figure 8 shows a cross section of the structure of 
the HGWs, The fabrication of HGWs begins with silica tubing, which has a 
polymer (UV acrylate or polyimide) coating on the outside surface. A wet-chem- 
istry technique (see Figure 9) 7 similar to that used by Croitoru and his coworkers 
[18, 27] to deposit metal and dielectric layers on the inside of plastic tubing, is 
employed to first deposit a silver film using standard Ag plating technology [28]. 
Next, a very uniform dielectric layer of Agl is formed through an iodization process 
in which some of the Ag is converted to Agl [29], Using these methods, HGWs with 
bore sizes ranging from 250 to 1000 and lengths as long as 13 m have been 
made* 

The spectral response for HGWs depends critically on the thickness of the 
dielectric film. Generally, for the Agl films, the film thickness ranges from 0.2 to 
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Figure 8. Structure of the HGWs showing the metallic and dielectric films deposited inside 
silica glass tubing* 



0.8 fim. In Figure 10, we show the spectral response of two waveguides that have 
different thickness films deposited on the inside of a 700 ixm bore silica tube, 1 m 
in length. The thickest film gives a minimum loss at 10.6 jtim, while the thin film 
was selected for minimum loss near 3 jam. The latter guide has a fairly fiat 
response beyond 3 /im and, therefore, this guide would be useful in broadband 
applications. The structure observed in the spectra is due to thin-film interference 
effects similar to that commonly observed in thin-film coatings on optical compo- 
nents. These effects have been observed and extensively discussed in the work of 
Matsuura et ah [30]. 





Waste 



Figure 9. Schematic of the experimental set-up for depositing the Ag metallic and Agl 
dielectric Films inside silica tubing to form the HGWs. 
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Figure 10. Spectral response of two HGWs — one designed for low loss at the C0 2 laser 
wavelength of 10.6 and the other for low loss at the Er:YAG laser wavelength of 2.94 
jam. 

The strong bore-size dependent loss for straight HGWs is shown for two guides 
in Figure . 11 [28]. . These data were taken .using C0 2 and EnYAG lasers and the 
guides were optimized for minimal loss at 10 and 3 /im, respectively* The solid 
curves are theoretical calculations of the losses for the lowest order HE,, mode. At 
the C0 2 laser wavelengths, one can see not only the strong 1/a 3 dependence 
predicted by MS theory, but also that there is good agreement with the experimen- 
tal results. However, at 3 /ira the calculated losses are much lower than the 
measured values. This is a result of increased scattering losses at the shorter 
wavelengths and the multimodc character of the Er:YAG laser* 

Bending increases the loss in hollow waveguides beyond that shown for the 
straight loss seen in Figure 12* The additional bending loss varies as l/R as 

— C02 theory a C02 measured ♦ Er:YAG measured — EnYAG theory 




200 300 400 500 600 700 800 

Bore Diameter (micron) 

Figure 11. Measured losses for straight HGWs using C0 2 and Er:YAG lasers. Note that the 
predicted losses are well below the measured ones at 2.94 jxm. 
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Figure 12. Bending losses for two 530-jLtm-bore HGWs measured at 10.6 (a) and 2.94 (a) 
/xm. 



reflected in the data for two 530 Atm bore guides in Figure 12. These data show the 
total loss for guides with a constant length of fiber under bending, A curvature of 
20 represents a bend diameter of only 10 cm. This is sufficiently small for most 
applications. 



Hollow n < 1 Waveguides 

The idea of an n < 1 structure originated with Hidaka et ah in 1981 [31]. In this 
structure, the air core (n = 1) has a refractive index greater than the inner wall, 
cladding material, and, therefore, this type of waveguide is fiberlike in that 
*ciad < ^core- T ^ is is also referred to as an attenuated total reflectance (ATR) guide 
in contrast to the leaky structure of the n > 1 guides discussed above (see Figure 
1). To be useful for laser transmission, the ATR guides must have the region of 
anomalous dispersion, where n is less than 1, fall within some useful laser 
wavelength range. The first n < 1 guides studied by Hidaka et al. [32] focused on 
glass tubes made from lead and germanium-doped silicates. By adding heavy ions 
to silica glass, he was able to shift the infrared edge to longer wavelengths so that 
the n < 1 region of anomalous dispersion occurred within the C0 2 laser wave- 
length band, Worrell [33] also studied n < 1 glasses, in particular, the germanate 
glasses. The losses in the hollow glass, n < 1 fibers, however, were very high due to 
a high k or extinction coefficient and this technology has largely been abandoned. 

A more promising n < 1 structure is hollow sapphire* It was first pointed out 
by Harrington and Gregory [11] that sapphire or A1 2 0 3 has n < 1 from 10 to 16.7 
fxm and, in addition, it has a very small k value of 0.05 at 10.6 ptm. This means 
that the theoretical loss predicted by MS theory is very low (less than 0.1 dB/m for 
a 1,000-^m-bore tube) for this material. Single-crystal sapphire tubing is fabricated 
by Saphikon, Inc. in Milford, NH in bore sizes ranging from 250 to 1070 /xm. In 
Figure 13 we show the measured straight losses for five different bore sizes. Also in 
Figure 13, the theoretical losses for both the lowest order HE n and next higher 
order HE I2 modes are plotted. The measured losses are somewhat higher than 
that predicted by MS theory as a result of the roughness of sapphire's inner wall. 
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Figure 13, Measured loss at 10.6 fim for straight, hollow sapphire waveguides. Note that the 
losses fall between the theoretical losses for the HE M and HE 12 modes. This is a result of 
surface roughness of the sapphire tubing. 

Gregory and Harrington [11] showed that the surface roughness of hollow sapphire 
accounted for the increased attenuation over that predicted by theory for the HE n 
mode. Figure 14 shows the bending loss for the 530 p,m bore tube. The curvature is 
not as great as it is for the HGWs, because sapphire has a high modulus and, 
therefore, cannot be bent to small diameters. Hollow sapphire delivery systems 
have been coupled to C0 2 lasers for use in gynecology and orthopedic surgery and 
they have been packaged in a water-cooled jacket for the delivery of over 1900 W 
of C0 2 laser power [34]. 

Laser Power Delivery in Hollow Glass Waveguides 

Hollow waveguides aTe ideal for high power laser delivery because of the inher- 
ently high damage threshold of an air-core structure* For most medical and some 
low-power industrial applications, it is sufficient to be able to deliver up to 100 W 
of laser power. For these purposes, the HGWs can be used without cooling, 




Figure 14. Bending loss for 560 jjlui bore, hollow sapphire tubing at 10.6 /xm. 
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Figure 15. Low CG 2 laser power delivery for two bore size HGWs with no cooling* This is 
the typical laser power used in medical lasers and for low power cutting and marking. 



although it is often helpful if an inert gas is used to purge the bore of the guide. In 
Figure 15, the results of low-power, C0 2 laser power delivery through 700 and 530 
/Am bore HGWs is shown. It is also possible to delivery higher C0 2 laser powers 
through the guides if active cooling is incorporated. In Figure 16, the results of 
high-power C0 2 laser transmission is shown through a 700-^m-bore HGW that 
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Figure 16. High C0 2 Jaser power delivery for a 700 ^.m bore HGW with a water cooling 
jacket. Note that the maximum power is just over 1,000 W! 
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Figure 17. Power delivery though a HGW using an Er:YAG laser. 

has a water jacket surrounding the guide. The maximum laser power delivered 
through the guide was just over 1000 W [34]! 

The 2.94-/i.m, pulsed EriYAG laser is becoming an important medical laser 
because the depth of ablation is very shallow and, therefore, this laser has great 
potential in surgical applications involving precise cutting and ablation. In Figure 
17 the average 3 /xm laser power delivered by the 1000 ju,m-bore HGW is shown. 
These data were obtained using a multimode ErrYAG laser made by Continuum. 
The maximum average output power of about 8 W represents a substantial average 
power for this wavelength. This power is sufficient for most surgical and dental 
applications. 

The output beam profile of the HGW is important for many applications. In 
principle, the HGWs are nearly single-mode because the higher order modes are 
attenuated by the factor (U 0 ) z (see Eqn. 1). In practice, however, mode distortion 
can occur even with a TEM (K) input beam. The spatial profile can worsen on 
bending due to increased coupling into higher order modes. The amount of 
coupling into higher order modes is a function of the diameter of the waveguide, 
the roughness of the surface, and the refractive indices of the material The spatial 
profile of a 530-^m-bore HGW is shown in Figures 18A and 18B. From the data 
one sees that it is possible to generate a single-mode HE U output when the guide 
is straight or bent (Figure 18A), but, at other times when the guide is bent, 
low-order modes can be generated resulting in the modal pattern in Figure 18B. 
An important point is that the smaller the bore size the better the modal purity 
even on bending. A 250-/u,m bore, straight or bent guide, for example, retains a 
nearly perfect single mode output [35], The near single-mode output from the glass 
waveguides is very important when small spot sizes are needed for precise cutting 
or marking. 

Applications of Hollow Waveguides 

Applications of hollow waveguides fall into two broad categories: laser power 
delivery and fiber sensors. As fiber sensors, hollow waveguides are generally used 
either to transmit black-body radiation for temperature measurements or as an 
active or passive link for chemical sensing. Saito and Kikuchi [36] give a good 
review of the use of hollow guides as IR fiber sensors. The use of hollow glass or 
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Figure 18. (A) High quality output beam profile from a bent 530 fxm bore HGW and (B) A 
similar HOW, but with the output beam profiie distorted somewhat by pushing against the 
side of the guide. 

metallic waveguides to deliver laser power has largely been relegated to laser 
surgery where the required power is less than 100 W. Furthermore, most of the 
surgical applications to date involve the C0 2 laser, as this laser is one of the most 
commonly used medical lasers* As mentioned above, the HGWs are capable of 
delivering over a kilowatt of C0 2 laser power, yet they have not been accepted as 
flexible delivery systems for industrial lasers. There are two most likely explana- 
tions for this: 1. hollow guides have a somewhat higher loss when compared to 
current articulated arm technology; 2. industrial applications generally require a 
high quality (low M 2 ) laser output mode, whereas hollow waveguides can distort 
the TEM^ input beam of the C0 2 laser and this can lead to unacceptable kerfs 
and welds in cutting and welding applications. 

Hollow waveguides are an ideal means of transmitting black-body radiation for 
thermometric measurements. In particular, the peak of black-body radiation near 
room temperature is around 10 /xm where these guides transmit very well. They 
have also been used to transmit radiation above 1,000*C for the measurement of 
jet engine blade temperatures. As a delivery system in chemical sensing applica- 
tions, hollow guides may be used merely as a passive fiber link from the chemical 
processing area to a remote detector, or they may play a more active role in which 
the guide is filled with the gas to be sensed. The latter application involves using 
the hollow guide itself as both the container for the gas sample and as a waveguide 
[26]. That is, a coiled hollow guide can replace a standard White cell to give a long 
pathlength and a small volume cell Several researchers have used this method to 
measure small quantities of benign gases [26]. 



Conclusions 

Hollow, 1R transmitting waveguides are becoming an attractive fiber optic for the 
delivery of high power laser radiation as well as for important temperature and 
chemical fiber sensor applications. In general, these guides enjoy losses of a few 
tenths of a dB/m and are quite flexible. Because the energy is carried in the 
hollow core, there is no core material that might be easily damaged by high peak or 
average laser powers as there would be in a comparable solid-core IR fiber. In 
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addition, there is no Fresnel loss; this is especially important in comparison to the 
chalcogenide glass fibers, where Fresnel losses can be as high as 25%/surface. 
When selecting a hollow guide, it is important to remember that the optical 
principles are different between a hollow core guide and a solid-core fiber. The 
most important distinctions are that the hollow guides have a loss that varies as the 
reciprocal of the bore radius cubed and that there is an additional loss on bending 
which varies as 1 /R. These properties are not shared by conventional solid-core 
fibers. It is the authors' experience, however, that most applications of IR fibers do 
not require tight bending radii so that the additional loss on bending is not 
prohibitive. Two other advantages of hollow guides are important: these guides are 
nearly single mode and there seems to be no loss due to aging as no change in 
transmission has been observed after storage of the guides for over 2 years. 
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The synthesis of Si nanowires in nanoporous anodic alumina membranes was demonstrated using a 
combination of Au electrodeposition and vapor-liquid-Solid growth at 500 °C using SiH 4 as the Si 
source. The average diameter of the nanowires was 200 ±54 run which was close to the pore size 
distribution of the membranes. High-resolution transmission electron microscopy revealed that the 
nanowires consist of a crystalline Si core, oriented in the (100) or (211) growth direction, with a thin 
(<3 nm) native oxide coating. In this process, Au terminates both ends of the growing wires, 
resulting in the formation of Au-Si-Au nanowires. © 2002 American Vacuum Society. 
[DOI: 10.1116/1.1430240] 



I. INTRODUCTION 

There is currently intense interest in one-dimensional 
nanostructures, such as nanotubes and nanowires, due to 
their potential to test fundamental concepts of dimensionality 
and to serve as building blocks for nanoscale devices. 1 Car- 
bon nanotubes have been the focus of much of this work, 
however, it has proven difficult to control conductivity in 
these structures 2 ' 5 which restricts their application. As a re- 
sult, there is renewed interest in the synthesis and properties 
of semiconductor nanowires, such as Si, Ge, and GaAs, and 
the development of assembly methods to fabricate functional 
nanoscale electronic 4,5 and optical devices 6 using these struc- 
tures. 

The electrical and optical properties of semiconductor 
nanowires strongly depend on the wire diameter 7 as well as 
the crystallographic orientation 8 and defect structure of the 
material. Synthesis techniques have therefore been directed 
at producing large quantities of single crystal nanowires with 
uniform diameters and controlled growth orientations. In one 
approach, nanoporous materials, such as anodized aluminum, 
have been used as templates for nanotube and nanowire syn- 
thesis via electrodeposition 9 * 10 or chemical vapor 
deposition. 11,12 Template-directed synthesis affords good 
control over nanowire diameter and uniformity and provides 
a support structure for the fabrication of multi-layered 
nanowires. 13 Direct deposition into nanopores, however, 
typically yields polycrystalline material. Alternatively, 
vapor-liquid-solid (VLS) growth has been used to produce 
single crystal semiconductor nanowires such as Si 14 and 
GaAs. 15 In the VLS growth of Si nanowires, a metal, such as 
gold (Au) is used as a catalyst agent to nucleate whisker 

^Electronic mail: jmr31@psu.edu 



growth from a Si-containing vapor. 16 Au and Si form a liquid 
alloy that has a eutectic temperature of 363 °C, which, upon 
supersaturation, nucleates the growth of a St wire. The fab- 
rication of nanometer-size wires can be achieved through 
careful control of the metal particle size and the growth 
conditions, J 7 VLS growth of Si nanowires has been demon- 
strated using techniques in which the metal particles were 
either fabricated by metal deposition and photolithography 
on a Si surface, 18 produced in the gas phase via laser 
ablation 19 * 20 or evaporation, 21 or were in the form of nano- 
crystals suspended in a supercritical solution. 22 These meth- 
ods yield crystalline Si nanowires and afford some degree of 
control over the wire diameter. However, given the lack of a 
support structure for nanowire fabrication, it is difficult to 
produce multi-layered nanowires using these techniques. 

This report demonstrates the synthesis of Si nanowires by 
VLS growth in nanoporous anodic alumina membranes* By 
combining template-directed synthesis with VLS growth, 
this technique provides a simple method to produce large 
quantities of crystalline Si nanowires with uniform diameters 
that are detennined by the pore size of the membrane. Fur- 
thermore, by combining metal electrodeposition with VLS 
growth in nanoporous membranes, this technique enables the 
fabrication of metal-Si-metal nanowires. 

II. EXPERIMENT 

Commercially available anodic alumina membranes 
(Whatman Scientific) with a nominal pore diameter of 200 
nm and thickness of 60 /am were used as templates in this 
initial study* Alumina membranes with pore diameters rang- 
ing from 4 nm to greater than 200 nm can be produced 
through the anodization of aluminum in various acids as de- 
scribed by Routkevitch et alp The Au catalyst for VLS 
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growth was electrcxleposiied into the membranes using a 
process described by Martin et al?^ In order to control the 
placement of the Au catalyst relative to the top surface of the 
pore, a 10-30 long segment of silver (Ag) was initially 
deposited in the pores, followed by a thin (0.2-1.2 jj,m) seg- 
ment of Au. The Ag was then removed by etching in 8.0 M 
HN0 3 , leaving only the thin Au segment near the center of 
the membrane. The membrane was cleaned with distilled wa- 
ter in an ultrasonic bath and dried under ambient conditions. 
Vapor- liquid-solid growth was carried out at 500 °C in a 
low pressure, isothermal reactor using a 5% mixture of Sii^Lg 
in H 2 . 

Plan view and cross sectional images of the membranes 
after VLS growth were analyzed using a 30 kV Philips XL20 
scanning electron microscope (SEM). A transmission elec- 
tron microscope (TEM) sample was prepared by scraping a 
portion of the nanowires off the top surface of the membrane 
onto a TEM grid. High-resolution transmission electron mi- 
croscope (HREM) images and electron diffraction patterns of 
the Si nanowires were recorded at 200 kV using a Hitachi 
HF2000 field emission transmission electron microscope. 



III. RESULTS AND DISCUSSION 

In traditional VLS growth, the metal particle is either sup- 
ported on a surface or produced in the gas phase and is 
readily accessible to the vapor phase growth species. In our 
application, the gold catalyst was buried deep within the 
pore. Consequendy, a careful choice of reaction conditions 
was required to ensure that the vapor phase species diffused 
far into the pore and preferentially reacted with the metal 
catalyst rather than the internal walls of the pore or the top 
surface of the membrane. A model of gas phase diffusion and 
reaction in a cylindrical pore 25 was used to predict the SiH 4 
concentration profile within a 200 nm diameter pore as a 
function of temperature and pressure in order to define initial 
conditions for VLS growth. At a pressure of 10 Torr, SiH 4 
was predicted to diffuse the entire pore length (60 /xm) with 
minimal Si deposition for temperatures less than 600 °C. In 
order to extend this technique to 10 nm diameter pores, the 
growth temperature must be reduced to less than 400 °C to 
prevent Si deposition on the internal walls of the pore. Initial 
growth experiments, carried out at 500 °C, 13 Torr total 
pressure and a SiH 4 partial pressure of 0.65 Ton; on mem- 
branes that did not contain Au resulted in negligible Si depo- 
sition on the membrane surfaces for growth times up to 45 
min. 

Growth experiments were then carried out under identical 
conditions (500 °C, 13 Torr, 0,65 Torr SiH 4 ) using the Au- 
impregnated nanoporous anodic alumina membranes. Gold 
catalyzes the decomposition of S1H4 under these conditions 
resulting in the rapid growth of Si nanowires within the 
pores. Nanowires began to emerge from the top of the pores 
after approximately 15 min [Fig. 1(a)] and populated the 
surface after 20 min of growth [Fig. 1(b) J Si nanowires were 
observed growing in nominally every pore of the membrane. 
The presence of Au at the tip of the nanowires, as confirmed 
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FiG. 1. Scanning electron microscopy images of the top surface of Au- j| 

impregnated alumina membranes during various stages of VLS growth from | 

the nanopores. After 15 min (A) Si nanowires began lo emerge from the J | 

pores and fully covered the surface after 20 min (B). Gold bulls present at | 

the tips of the nanowires in (B) are evidence of a VLS growth mechanism. | 



by energy dispersive x-ray spectroscopy, provided evidence =| 
of a VLS growth mechanism. | 

During growth, the Si nanowire fills the entire internal g 
diameter of the pore and pushes a portion of the Au-Si alloy .| 
toward the pore surface as the wire grows in length. As a i| 
result, the final diameter of the Si nanowire is determined I 
exclusively by the initial diameter of the pore. The pore di- ,| 
ameter of the anodic alumina membranes ranged from 110 
nm to 270 nm (sample of 2S0 pores) with an average dianv j 
eter of 194± 33 nm. Correspondingly, the diameter of the Si | 
nanowires ranged from 100 nm to 340 nm (sample of 50 "|j 
nanowires) with an average diameter of 200 ±54 nm. -|| 

A low magnification TEM image of a sample of nanow- -| 
ires removed from the membrane surface is shown in Fig. 2. -.gs 
The long wire near the center of the image is aligned with >| 
the beam parallel to the [01 T] zone axis. The growth direc- || 
tion of the nanowire is [100]. Crystallographic analysis of Q 
the TEM images revealed Si nanowires characterized by two "|| 
distinct growth axes: (100) and (211). The (211) orientation |j 
has previously been observed in Si nanowires fabricated by |? 
VLS growth from a surface 26 or via laser ablation, 19,20 while || 
(lOO)-oriented wires were obtained in supercritical fluid || 
growth. 22 HREM analysis of the Si nanowires, shown in Fig* || 
3, revealed a nearly defect-free Si core with a 2-3 nm thick :|J 
amorphous native oxide coating. All of the (lOO)-oriented j| 
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Fig. 2. Low magnification transmission electron microscopy (TEM) image 
of nanowires removed from the top surface of the membrane and supported 
on a grid The insert is the parallel-beam diffraction pattern along the [01 1] 
zone axis of the Si nanowire shown at the center of the image, which has a 
[100] growth direction. 



wires observed thus far by TEM appear to be single crystals, 
based on diffraction contrast imaging, high-resolution imag- 
ing, and electron diffraction. 

The nanowires were removed from the anodic alumina 
membranes by wet etching in 5.0 M NaOH for approxi- 
mately two hours at room temperature. Figure 4 is a SEM 
photo of a Au-Si-Au nanowire produced by template* 
directed VLS growth after removal from the membrane. In 
this case, the initial gold segment in the membrane was 1 .2 
yum long and the growth time sufficiently short (15 min) so 




Ftc 3. High-resolution transmission electron microscopy (HREM) image 
near the edge of a nanowire. A thin (<3nm) sheath of amorphous native 
oxide was found at the edge of the nanowire. 




Fig. 4. Scanning electron microscopy image of a Au-Si-Au nanowire after 
release from the membrane by wet etching. Both ends of the nanowire are 
capped with approximately 0.6 ^m long segments of Au. 



that the length of the wire did not extend beyond the top 
surface of the membrane. As shown in Fig. 4, the nanowire 
consists of an approximately 4 pun long central region of Si 
with 0.6 jjm long segments of Au at each end of the nano- 
wire. Gold tips are always observed at both ends of the Si 
nanowires produced in this process. These results indicate 
that Si nucleates near the center of the Au-Si liquid alloy in 
this process and the crystal grows outward along the pore 
axis, leaving a segment of Au at each end of the nanowire. 
This is in contrast to Si nanowires produced by VLS growth 
from a surface* 8 or by laser ablation 20 in which the metal 
particle is present at only one end of the wire. Interactions 
between the liquid alloy drop and the internal pore walls are 
likely responsible for the modification in VLS growth ob- 
served in this study. 



IV- CONCLUSIONS 

The fabrication of Si nanowires has been demonstrated 
using a combination of template-directed synthesis and VLS 
growth. The use of nanopores for VLS growth provides con- 
trol over nanowire diameter while also enabling the produc- 
tion of single crystal material. This work demonstrated the 
synthesis of nominally 200 nm diameter Si nanowires in na- 
noporous anodic alumina membranes using electrodeposited 
Au as the metal catalyst for VLS growth. The nanowires 
consist of a crystalline Si core with a (100) or <2l l> growth 
direction surrounded by a thin (<3 nm) oxide coating. The 
ends of the Si nanowires are capped with segments of Au, 
which result from the VLS mechanism of growth. It is an- 
ticipated that this technique can be extended to the synthesis 
of smaller diameter nanowires through the use of anodized 
aluminum oxide templates with pore sizes in the range of 
10-100 nm. 9 Tne results of this study demonstrate the po- 
tential for using template-directed VLS growth in combina- 
tion with metal electrodeposition for the fabrication of single 
crystal Si nanowires and multi-layered metal-Si-metai 
nanowires. 
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